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Summary-In recent years the need for rapid, sensitive and specific assays for benzodiazepines has resulted 
in the publication of a number of high-pressure liquid chromatographic (HPLC) methods for their 
determination. This paper reviews the methods available to date for the determination of chlor- 
diazepoxide. clonazeoam. diazepam, flurazepam. lorazepam, nitrazepam, oxazepam and their metabolites 
in bihlogicai fluids. _ _ - 

The benzodiazepines are an important class of 
psychotherapeutic agents. They act on the central 
nervous system and have hypnotic, tranquilizing and 
anticonvulsant properties. Since there are wide 
differences in selectivity among these drugs, their 
usefulness varies considerably. They are among the 
most frequently prescribed drugs for the treatment of 
anxiety, sleep disturbance and status epilepticus. 
They are also used in the treatment of alcohol 
withdrawal, and both to relieve tension in the pre- 
operative period and to induce amnesia in surgical 
procedures. 

For the clinical, toxicological and biopharm- 
aceutical study of the benzodiazepines, rapid methods 
for their determination in various biological fluids are 
required. The benzodiazepines are clinically effective 
at low doses ranging from 1 to 30 mg, resulting in 
blood concentrations in the lo-500 ng/ml range. 
They also undergo extensive metabolism’A and many 
of the metabolites are pharmacologically active.’ 
Thus it is essential that the assay methods be sensi- 
tive and specific, i.e., capable of separating and 
determining the parent drug as well as its major 
metabolites. 

Benzodiazepines in biological fluids are determined 
by various techniques,’ of which gas-liquid chro- 
matography (GLC)4.“9 and polarography7,‘G’3 are 
dominant. The GLC methods, though extremely 
sensitive, require lengthy clean-up procedures and in 
some cases formation of more volatile derivatives. 
Furthermore, if high temperatures are used in the 
GLC they may cause the decomposition of certain 
benzodiazepines such as chlordiazepoxide, ox- 
azepam, lorazepam and their metabolites. Polar- 
ography, despite the advantage of convenience and 
speed, lacks the sensitivity and specificity of GLC and 
requires large amounts of sample. For these reasons 
attention has shifted to development of HPLC meth- 
ods for the determination of these drugs in body 
fluids. HPLC offers several advantages. The extrac- 

tion procedures are relatively simple, formation of 
derivatives is not necessary (though there are excep- 
tions), and operation at ambient temperature allows 
the determination of thermally labile benzo- 
diazepines. The strong absorption in the 23&260 nm 
region gives sensitivity in the nanogram range and 
linearity over a wide concentration range. Moreover, 
since the technique is non-destructive, the eluted 
drugs can be recovered for further examination. 

PHYSICOCHEMICAL PROPERTIES 

The 1 ,Cbenzodiazepines can be structurally gener- 
alized by the formula shown in Fig. 1. All the 
important benzodiazepines contain a 5-phenyl ring, a 
halogen or nitro group in the 7-position, and in many 
cases an additional halogen in the R,-position. The 
substituents at key positions are shown in Table 1. 
Chlordiazepoxide (Fig. 2) differs from other benzo- 
diazepines in that it is an N-oxide with a methyl- 
amino group at position 2 and no alkyl group at 
position 1. 

Benzodiazepines are basic drugs and as free bases 
are lipid-soluble and water-insoluble. In contrast, the 
salts (e.g., chlordiazepoxide and flurazepam hydro- 
chlorides, dipotassium clorazepate) are water- 
soluble. Stock solutions of benzodiazepines are more 
stable (several weeks) in alcohol than in water.5 
HowardI and Kelly et ~1.‘~ have studied the stability 
of diazepam and nitrazepam plasma samples re- 
spectively, under various conditions. Diazepam was 
found to be stable for 3 weeks at room temperature, 
8 weeks at 4”, and 1 year at -20”. Nitrazepam in 
plasma was stable for at least 3 weeks at 4” in the 
dark, and more than 3 weeks in a deep-frozen 
sample; in contrast, there was a significant decrease 
in nitrazepam content in samples stored at room 
temperature in the dark. Analysts would welcome 
similar stability information on other benzo- 
diazepines. Protein binding varies from a few per cent 
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Fig. 1. Benzodiazepine structure. 

with flurazepam to over 90% with diazepam.‘“‘s 
Plasma protein binding of benzodiazepines has been 
found to be concentration-independenti and pH- 
dependent. w*’ The pK, values of benzodiazepines are 
listed by Clifford and SmythS and in Martindale. 
Hulshoff and Perrin23 have determined the partition 
coefficients of benzodiazepines in the aqueous oleyl 
alcohol system. 

SAMPLE PREPARATION 

Benzodiazepines and their metabolites are usually 
extracted as the neutral molecules from biofluids with 
a range of organic solvents under weakly alkaline 
conditions,5 with recoveries in excess of 80%. Some 
workers9 find it unnecessary to alkalize samples since 
the pK, values of benzodiazepines are considerably 
below the physiological pH. There seems to be no 
preference for a particular solvent and the normal 
extraction solvents are employed either alone or in 
combination. Some workers choose diethyl ether, 
ethyl acetate and chloroform, in that order,5 while 
others’ prefer a relatively non-polar solvent such as 
heptane, benzene or toluene, to which is added a 
small amount of a more polar solvent such as isoamyl 
alcohol or methylene chloride. One advantage of low 
boiling solvents is they can be readily evaporated for 
recovery of the drug(s). A single extraction step is 
sufficient for all benzodiazepines except oxazepam 
and lorazepam. Owing to their lower lipid solubility, 
they need a double extraction, and the combined 
extracts are evaporated to dryness before chro- 
matography.9 Smyth and Groves” have devised a 
scheme for the extraction of flurazepam and its 
metabolites, based on the distribution ratios for 
different pH values and various solvents. 

Some investigators prefer enzymatic digestion (hy- 
drolysis) of plasma,25 urine25-28 or tissue29 samples of 
benzodiazepines before extraction to liberate the con- 
jugated fraction of the drug. Hammond et ~1.~~ have 
described two procedures (enzymatic and 
non-enzymatic) for the extraction of benzodiazepines 
from cloth or paper. The enzymatic extraction is 
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Fig. 2. Chlordiazepoxide structure. 

preferred, especially for old stains strongly bound to 
the material. 

Recently, commercially available Ci8 bonded- 
phase extraction columns (e.g., Bond-Elut) have been 
used for the rapid sample preparation of di- 
azepam, 3’+32 chlordiazepoxide” and their metabolites. 
These columns selectively adsorb benzodiazepines 
and their metabolites from biofluids at a pH of 9.0. 
The compounds are then eluted with methanol, mak- 
ing sample preparation quicker than the traditional 
solvent extraction procedure. This procedure can also 
be applied to the extraction of other benzodiazepines. 
Missen compared three adsorption methods, which 
included the use of activated charcoal, Amberlite 
XAD-2 ion-exchange resin and Celite to extract 
nitrazepam, diazepam and desmethyldiazepam. The 
Celite extraction was rapid but a large amount of 
cholesterol was also extracted from blood samples, 
whereas the other two procedures extracted much 
less. The Celite extraction method was used for 
rapidly screening blood samples. For trace analytical 
work the XAD-2 resin method was preferred. Balkon 
et al.34 have used the Du Pont Prep 1 system equipped 
with an Amberlite XAD-2 resin column for the 
isolation of diazepam from biological samples. 

For rapid toxicological analysis Kabra et al.35 have 
used serum protein precipitation by acetonitrile fol- 
lowed by centrifugation, as the only means of sample 
preparation. A suitable aliquot of the supernatant 
liquid is injected onto the HPLC column for drug 
screening. 

Lensmeyer et ~1.~~ have tested commercially avail- 
able blood collection tubes for substances that could 
leach into the blood samples and adversely affect the 
benzodiazepine assay. None of the tubes tested 
affected the extraction or the chromatography of 
chlordiazepoxide, diazepam, flurazepam and their 
metabolites. 

Columns 

HPLC METHODS 

In the early days of HPLC (early and middle 
seventies), the benzodiazepine drug mixtures were 

Table I. Positions of various substituents in benzodiazepine structures 

Drug RI R2 R3 R4 Rs 

Clonazepam -H =0 -H -Cl -NO, - 
Diazepam -CH, =0 -H -H -Cl 
Flurazepam -_(CHJ,NGW =0 -H -F -Cl 
Lorazepam -H =o -OH -Cl -Cl 
Nitrazepam -H =0 -H -H -NO, 
Oxazepam -H =o -OH -H -Cl 
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separated at pg levels on columns containing sil- 
ica 37,38 anion-exchanger,3g cation-exchanger,” Du- 
rapak OPN4’.42 and Carbowax 400 coated supportq3 
and detected by single-wavelength (254 nm) ultra- 
violet detectors. These methods are not sensitive and 
selective enough to analyse ng quantities of benzo- 
diazepines and their metabolites in biological sam- 
ples. More recently reversed-phase columns have 
become the columns of choice because a wide variety 
of drugs of varied polarity can be separated. They 
require relatively little maintenance and perform 
equally well with eluent gradients. Their use also 
facilitates injection of aqueous samples. In most of 
the current HPLC methods for benzodiazepines, 
reversed-phase columns are employed along with 
ultraviolet detectors and mobile phases consisting of 
organic solvents mixed with water or weakly acidic 
buffers. 

The most popular reversed-phase column packing 
material for benzodiazepine analysis is chemically 
bonded silica containing octadecyl (C,,) groups, fol- 
lowed by silica containing octyl (C,) groups. Hexyl- 
(C,) and cyano-bonded reversed-phase columns as 
well as ordinary (silica1 gel) columns have also been 
used, but less frequently. The chromatography is 
generally performed at room temperature under iso- 
cratic conditions, but there are exceptions where it is 
performed at elevated temperature,ti7 or under gra- 
dient elution conditions,4* or both.35,36 

Kinberger and Wahrgren4’ have used a reversed- 
phase (C,,) radial compression column (Waters Asso- 
ciates Ltd.) for the determination of diazepam and its 
metabolites. The column, which is made of a flexible 
polyethylene tube, is compressed in a specially de- 
signed holder (radial compression module) during 
use. The compression presumably reduces wall 
effects, thereby eliminating channels in the column 
packing. Radial compression columns afford shorter 
analysis time and can be operated at lower pressures, 
but they do not permit use of temperature pro- 
gramming. 

Mobile phases 

The most common solvent system for the reversed- 
phase HPLC of benzodiazepines is a mixture of 
acetonitrile or methanol and an aqueous acetate or 
phosphate buffer or water. Combinations of two 
organic solvents and an aqueous buffer have also 
been employed as mobile phases to achieve optimum 
conditions for the separation of closely related solutes 
such as diazepam,25,4g.M chlordiazepoxide50v5’ and their 
metabolites. Lensmeyer et al.36 have used a ternary 
solvent gradient system for the reversed-phase sepa- 
ration of diazepam, chlordiazepoxide, flurazepam 
and their metabolites. Three separate solutions (am- 
monium acetate, acetic acid and acetonitrile) were 
mixed so as to give pH and solvent-composition 
gradients. The chromatography was performed at 50” 
and complete resolution of benzodiazepines resulted 
in 15 min. 

Detectors 
Ultraviolet detection is still the most popular mode 

for HPLC benzodiazepine assays. The sensitivity is 
not as good as that of electron-capture GLC but can 
be improved by using a variable-wavelength detector. 
For example, monitoring at the absorbance max- 
imum of the drug (approximately 240 nm for most 
benzodiazepines) frequently improves the detection 
limit by a factor of two compared to detection at 254 
nm.52 Furthermore, use of the variable-wavelength 
detector may permit the reduction of sample volume. 
The sensitivity and specificity of detection can further 
be improved by the use of a fluorescence detector. 
Although benzodiazepines do not yield intense room- 
temperature fluorescence, they can be converted into 
highly fluorescent derivative9 or made to luminesce 
at low temperature. 53.54 These properties can be uti- 
lized in their fluorimetric HPLC determination pro- 
vided that practical difficulties are overcome. It 
should be remembered that on-line derivative for- 
mation or low-temperature luminescence is not as 
easy as an ultraviolet or fluorescence detector to 
incorporate in an HPLC apparatus. 

The presence of easily reducible nitro and/or azo- 
methine (>C = N-) groups in benzodiazepines al- 
lows polarographic determination;12 hence the devel- 
opment of a sensitive electrochemical detector oper- 
ating in the reduction mode would extend the poten- 
tial of HPLC.’ This is a relatively new area and very 
few reports are so far available. Advances in electrode 
design should encourage wider applications in the 
future. Lund et a1.55 have studied a simple 
flow-through cell with interchangeable working elec- 
trodes constructed from vitreous carbon, carbon 
paste and mercury. Nitrazepam, diazepam and chlor- 
diazepoxide were studied as model compounds, and 
a detection limit of 3 ng was achieved for nitrazepam 
and 300 ng for diazepam and chlordiazepoxide. 
Hanekemp et al. “S have used a pulse-polarographic 
detector incorporating a dropping mercury electrode 
(DME) for the determination of nitrazepam in 
serum56 and for the detection of bromazepam, ni- 
trazepam, diazepam and clonazepam in a mixture.57 
Hackman and Brooks5* have described a dual de- 
tector system for the reversed-phase HPLC deter- 
mination of chlodiazepoxide and desmethyl- 
chlordiazepoxide in plasma. The eluate was first 
passed through an ultraviolet detector (254 nm), then 
through a pulse-damper to a reductive amperometric 
detector equipped with a DME. The electrode was 
operated in the differential-pulse mode. The am- 
perometric and ultraviolet detectors were found to be 
of equal sensitivity and precision. The limit of de- 
tection was 50 ng/ml for chlordiazepoxide and its 
metabolite. Recently a similar approach (a dual 
detector system) has been used to determine 
hydroxyethylflurazepam glucuronide, a major metab- 
olite of flurazepam in urine.28 The DME has the 
distinct advantage of presenting a continuously re- 
newable fresh surface during the chromatography 



P
 

T
ab

le
 

2.
 H

PL
C

 
m

et
ho

ds
 

fo
r 

th
e 

de
te

rm
in

at
io

n 
of

 
1,

C
be

nz
od

ia
ze

pi
ne

s 
in

 
bi

ol
og

ic
al

 
fl

ui
ds

 

D
ru

g 
Sa

m
pl

e 
Se

pa
ra

tio
n 

In
te

rn
al

 
m

od
e 

st
an

da
rd

 

D
et

ec
tio

n 
w

av
el

en
gt

h,
 

nm
 

M
et

ab
ol

ite
s 

m
ea

su
re

d 

L
im

it 
of

 
L

im
it 

of
 

de
te

ct
io

n 
de

te
ct

io
n 

(p
ar

en
t 

dr
ug

),
 

(m
et

ab
ol

ite
s)

, 

w
/m

l 
ng

lm
l 

R
ef

er
en

ce
 

C
lo

na
ze

pa
m

 

# 
D

ia
ze

pa
m

 
T

 

**
 

B
 

P
 

R
P

,C
,,,

 
gr

ad
ie

nt
 

R
P

,C
,s

 

P,
U

 
R

PG
, 

P
 

R
P

,C
, 

T
 

(m
ou

se
 

br
ai

n)
 

P
 

P,
U

 

R
P

,C
,, 

R
P

.C
,s

 
R

P
,C

, 

s M
-’ 

R
P

,C
,, 

S
 

R
PG

, 

P
 

S S
,P

 

P
 

S P
 

P
 

P
 

B
 

B
 

P
 

S,
U

,S
a 

P,
U

 
(m

an
 

an
d 

do
g)

 
S

,P
 

P
 

S,
IJ

 

H
al

az
ep

am
 

D
ia

ze
pa

m
 

or
 

pr
az

ep
am

 
N

it
ra

ze
pa

m
 

D
ia

ze
pa

m
 

M
ed

az
ep

am
 

D
ia

ze
pa

m
 

25
4 

25
4 

25
4 

26
0 

25
4 

25
4*

 
24

0 

R
PG

, 
N

it
ra

ze
pa

m
 

24
2 

25
4 

24
0 

R
P

,C
,, 

Fl
un

itr
az

ep
am

 
J-

(p
-M

et
hy

Ip
he

ny
l)

- 
S-

ph
en

yl
hy

da
nt

oi
n 

N
it

ra
ze

pa
m

 
25

4 

R
P

,C
,,,

50
”,

 
gr

ad
ie

nt
 

R
P

,C
,,,

50
”,

 
G

ra
di

en
t 

R
P

,C
,, 

2-
A

m
in

o-
2,

5-
di

ch
- 

lo
ro

be
nz

op
he

no
ne

 
H

ex
ob

ar
bi

ta
l 

25
4 

21
0 

C
hl

or
od

es
m

et
hy

l-
 

di
az

ep
am

 
N

it
ra

ze
pa

m
 

4,
5-

D
ih

yd
ro

di
az

e-
 

pa
m

 
hy

dr
oc

hl
or

id
e 

25
4 

N
P

 
N

P
 

31
3 

25
4 

R
P

,C
, 

R
P

,C
,,Z

O
” 

N
P

 

R
P

,C
,, 

30
6 

30
6 

23
2 

24
0 

N
P

 

R
P

,C
H

, 

R
P

C
, 

R
P

,C
N

 

R
P

,C
,, 

R
P

C
,, 

Fl
un

itr
az

ep
am

 
- 

P
ra

ze
pa

m
 

4,
5-

D
ih

yd
ro

di
az

e-
 

pa
m

 
hy

dr
oc

hl
or

id
e 

Fl
un

itr
az

ep
am

 

C
hl

or
di

az
ep

ox
id

e 

P
ra

ze
pa

m
 

P
ra

ze
pa

m
 

25
4 

25
4 

23
0 

25
4 

25
4 

25
4 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e,

 
de

m
ox

ep
am

, 
de

sm
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

lc
hl

or
di

az
ep

ox
id

e,
 

de
m

ox
ep

am
 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e,

 
de

m
ox

ep
am

, 
de

sm
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

lc
hl

or
di

az
ep

ox
id

e 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e 

de
m

ox
ep

am
, 

de
sm

et
hy

ld
ia

ze
pa

m
, 

ox
az

ep
am

 
D

es
m

et
hy

lc
hl

or
di

az
ep

ox
id

e,
 

de
m

ox
ep

am
, 

de
sm

et
hy

ld
ia

ze
pa

m
 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e,

 
de

m
ox

ep
am

, 
de

sm
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

lc
bl

or
di

az
ep

ox
id

e 
de

m
ox

ep
am

, 
de

sm
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

lc
hl

or
di

az
ep

ox
id

e,
 

de
m

ox
ep

am
, 

de
sm

et
hy

ld
ia

ze
pa

m
 

D
es

m
et

hy
lc

hl
or

di
az

ep
ox

id
e,

 
de

m
ox

ep
am

 

D
es

m
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

ld
ia

ze
pa

m
, 

ox
az

ep
am

 
D

es
m

et
hy

ld
ia

ze
pa

m
 

D
es

m
et

hy
ld

ia
ze

pa
m

, 
ox

az
ep

am
, 

hy
dr

ox
yd

ia
ze

pa
m

 
D

es
m

et
hy

ld
ia

ze
pa

m
, 

ox
az

ep
am

, 
hy

dr
ox

yd
ia

ze
pa

m
 

D
es

m
et

hy
ld

ia
ze

pa
m

, 
ox

az
ep

am
 

D
es

m
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

ld
ia

ze
pa

m
 

10
0 50
 

50
 

30
 

0.
5 

ng
/m

g 

50
 

20
 

10
0 

48
 

50
 

50
 

30
 

50
 f

or
 

de
sm

et
hy

ld
ia

ze
pa

m
 

0.
5 

ng
/m

g 

50
 

20
 

71
 

72
 

73
 

74
 

58
 

51
 

25
 

25
 

31
 

80
 

80
 

40
 

fo
r 

de
m

ox
ep

am
 

60
 

50
 

75
 

50
 

20
0 50

 

50
 

36
 

_ 
35

 

50
 

76
 

5 
77

 
78

 

2.
5 2 25
 

40
 

79
 

44
 

80
 

52
 

5 

0.
2 

ng
 

30
 

20
 

50
 

25
 

30
 5 

0.
2 

ng
 

30
 

20
 

50
 

78
 

26
 

25
 

81
 

68
 

45
 

-_
. 

--
--

..-
. 

--
 

_ 
~

~
_ 

-.
~

 
--

..-
_ 

_-
-.

_,
--

- 
--

--
 

--
- 



D
ia

ze
pa

m
 

tt 

Fl
ur

az
ep

am
 

tt ##
 

L
or

az
ep

am
 

N
itr

az
ep

am
 

11
 

O
xa

ze
pa

m
 

ps
 

U
 

PS
 

S P 
(m

on
ke

y)
 

U
 

P PS
 

R
P,

C
,,,

50
”.

 
gr

ad
le

nt
 

R
P,

C
,,S

O
” 

Pr
az

ep
am

 

H
ex

ob
ar

bi
ta

l 

D
es

m
et

hy
ld

ia
ze

pa
m

 

21
0 

25
4 

21
0 

25
4 

23
0 

26
0 

28
0 

21
0 

23
5 

_~
 

7-
A

m
in

on
itr

az
ep

am
, 

7-
ac

et
am

id
on

itr
az

ep
am

 
7-

A
m

in
on

itr
az

ep
am

, 
7-

ac
et

am
id

on
itr

az
ep

am
 

P 
O

xa
ze

pa
m

 
gl

uc
ur

on
id

e 
S,

U
,S

a 
R

P,
C

H
, 

25
4 

B
. 

bl
oo

d;
 

P,
 p

la
sm

a;
 

S,
 s

er
um

; 
Sa

, 
sa

liv
a;

 
T

, 
tis

su
e;

 U
, 

ur
in

e;
 

N
P,

 
no

rm
al

-p
ha

se
; 

R
P,

 
re

ve
rs

ed
-p

ha
se

; 
A

E
, 

an
io

n-
ex

ch
an

ge
. 

W
’,U

 
(m

an
 

an
d 

ca
t)

 
S T

 
(e

ye
 l

en
s)

 
S S S P P B

 

S 

R
P

G
, 

R
F

’S
,, 

R
P,

C
,,4

0”
 

5-
(p

-M
et

hy
lp

he
ny

l)
- 

5-
ph

en
yl

hy
da

nt
oi

n 

R
PG

, 
Pr

az
ep

am
 

R
PG

, 
R

P,
C

,, 
N

itr
az

ep
am

 
Pr

az
ep

am
 

R
PG

, 
R

P,
C

,, 
R

P,
C

, 

R
p,

C
,,,

50
°,

 
gr

ad
ie

nt
 

N
itr

az
ep

am
 

Pr
az

ep
am

 
M

et
hy

ln
itr

az
ep

am
 

an
d 

m
ed

az
ep

am
 

2-
A

m
in

o-
2,

5-
di

ch
- 

lo
ro

be
nz

op
he

no
ne

 

R
P,

C
,,,

50
’,

 
gr

ad
ie

nt
 

N
P 

H
ex

ob
ar

bi
ta

l 

R
P,

C
,,,

50
”,

 
gr

ad
ie

nt
 

R
P,

C
,,,

50
” 

gr
ad

ie
nt

 
R

P,
C

,*
 

1-
(2

-M
et

hy
la

m
in

o-
 

et
hy

l)
fl

ur
az

ep
am

 
H

ex
ob

ar
bi

ta
l 

2-
A

m
in

o-
2,

5-
di

ch
- 

lo
ro

be
nz

op
he

no
ne

 
D

ia
ze

pa
m

 

A
E

 

N
P 

- 

25
4 

24
0 

23
2 

25
4 

24
2 

25
4 

25
4 

25
4 

24
0 

25
4 

D
es

m
et

hy
ld

ia
ze

pa
m

, 
ox

az
ep

am
, 

hy
dr

ox
yd

ia
ze

pa
m

 
D

es
m

et
hy

ld
ia

ze
pa

m
 

D
es

m
et

hy
ld

ia
ze

pa
m

, 
ox

az
ep

am
 

D
es

m
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

ld
ia

ze
pa

m
, 

ox
az

ep
am

 
D

es
m

et
hy

ld
ia

ze
pa

m
 

D
es

m
et

hy
ld

ia
ze

pa
m

 
D

es
m

et
hy

ld
ia

ze
pa

m
, 

ox
az

ep
am

, 
hy

dr
ox

yd
ia

ze
pa

m
 

D
es

m
et

hy
ld

ia
ze

pa
m

, 
ox

az
ep

am
 

25
 

25
 

50
 

50
 

- 10
 

25
 

50
 

D
es

m
et

hy
ld

ia
ze

pa
m

 
20

0 

I-
(2

_H
yd

ro
xy

et
hy

l)
- 

fl
ur

az
ep

am
 

20
00

 

D
es

al
ky

lf
lu

ra
ze

pa
m

 

50
 

80
 

4O
O

ng
 

2 

40
0 5 

20
00

 

50
 

35
 

84
 

35
 

36
 

85
 

39
 

15
 

35
 

47
 

0.
2 

ng
 

26
 

50
 

80
 2 25
 

50
 f

or
 

de
sm

et
hy

l-
 

di
az

ep
am

, 
75

 f
or

 
ox

az
ep

am
 

20
0 

50
0 

- 50
 

40
0 

50
 f

or
 

‘I
-a

m
in

on
itr

az
ep

am
, 

5 
fo

r 
7-

ac
et

am
id

on
itr

az
ep

am
 

27
 

50
 

46
 

82
 

31
 

49
 

67
 

83
 

32
 

36
 

*E
le

ct
ro

ch
em

&
al

 
de

te
ct

or
 

w
as

 
al

so
 

us
ed

, 
no

 
ch

an
ge

 
in

 l
im

it 
of

 d
et

ec
tio

n.
 

W
od

ei
ne

 
in

te
rf

er
es

. 
#M

et
ha

qu
al

on
e 

an
d 

ph
en

yt
oi

n 
in

te
rf

er
e.

 
fP

he
ny

to
in

, 
am

ob
ar

bi
to

ne
 

an
d 

m
et

ha
qu

al
on

e 
in

te
rf

er
e.

 
# 

C
hl

or
di

az
ep

ox
id

e 
in

te
rf

er
es

. 
T

C
ar

ba
m

az
ep

in
e 

an
d 

am
itr

ip
ty

lin
e 

in
te

rf
er

e.
 

l
 *C

ar
ba

m
az

ep
in

e 
an

d 
lo

ra
ze

pa
m

 
in

te
rf

er
e.

 
ttM

et
ha

qu
al

on
e 

in
te

rf
er

es
. 

#P
he

ny
lb

ut
az

on
e,

 
m

et
ha

qu
al

on
e,

 
th

io
pe

nt
al

, 
ca

rb
am

az
ep

in
e,

 
ni

tr
az

ep
am

, 
pr

oc
ai

na
m

id
e 

an
d 

N
-a

ce
ty

lp
ro

ca
in

am
id

e 
in

te
rf

er
e.

 
ff

D
es

m
et

hy
ld

ox
ep

in
 

in
te

rf
er

es
. 

# 
# 

Ib
up

ro
fe

n 
in

te
rf

er
es

 
~~

O
xa

ze
pa

m
 

in
te

rf
er

es
. 



6 ANIL C. MEHTA 

and so is not subject to poisoning, as solid electrodes 
are.58 

Screening procedures 

Benzodiazepines have considerable potential for 
abuse and overdosage is very common. For their 
rapid identification and determination, screening pro- 
cedures are required in clinical, toxicological and 
forensic laboratories. To this end many HPLC pro- 
cedures have been published which use reversed- 
phase separation and ultraviolet detection.26.29*35.36.5963 
The drugs are detected either intact26,29J5*36*59’ or as 
their benzophenone hydrolysis products.59.62.63 Tjaden 
et a1.26 have reported capacity factors and separation 
coefficients for 16 benzodiazepines and have estab- 
lished optimum conditions for separating 9 of them 
in 12 min. A reversed-phase system with a methanol- 
based mobile phase and an ultraviolet detector 
(254 nm) was used for this purpose. Osselton et a1.29 
have reported a reversed-phase HPLC method for the 
determination of benzodiazepines and their metabo- 
lites in human and animal tissues. An aqueous meth- 
anolic mobile phase and detection at 254 nm was used 
in the separation of drugs on a C8 column. Retention 
volumes and detection limits for various benzo- 
diazepines were reported and the method was suc- 
cessfully applied in finding the concentrations of 
these drugs in cases of human self-poisoning. Kabra 
et aL3’ have published a rapid reversed-phase HPLC 
method for screening toxic drugs in serum, including 
chlordiazepoxide, diazepam, desmethyldiazepam, 
flurazepam and nitrazepam. In this method an 
acetonitrile-phosphate buffer (pH 3.2) is used as 
mobile phase and the ultraviolet detector is set at 
210 nm. The separation is based on gradient elution 
at 50”. A complete analysis is achieved in 45 min. A 
normal-phase HPLC method described by Vree et 
a1.64 for the determination of flunitrazepam in body 
fluids also permits the separation of diazepam, des- 
methyldiazepam, nitrazepam and clonazepam. The 
drugs are eluted from a silica column with a mobile 
phase consisting of a mixture of hexane and ethanol 
and detected by their absorption at 230 nm. 

Individual drugs 

The HPLC methods currently available for benzo- 
diazepines and their metabolites are summarized in 
Table 2. It is evident from the table that chlor- 
diazepoxide and diazepam are the most frequently 
studied members of the series. Those methods in 
which other benzodiazepines are used as internal 
standards may have wider applications since one 
drug may be used as an internal standard for another. 
There are some methods in which no internal stan- 
dards are used. There is a growing trend towards 
doing away with internal standards, particularly if a 
fixed-volume sample loop is used in a sample- 
injection system. Although the precision of such a 
device is very good, it will not account for the 
procedural drug losses in a multi-step assay. 

McAllister6’ has recommended prazepam as a possi- 
ble internal standard for the estimation of diazepam 
in plasma. Though the end analysis was done by 
GLC, the information (extraction, recovery, etc.) 
contained in the paper is equally useful for HPLC 
work. The limits of detection are governed by instru- 
mental and procedural factors, and the values given 
in Table 2 should therefore be taken only as relative 
guidelines. It would also be sensible to reinvestigate 
a method before putting it to a new use, particularly 
with regard to specificity, since a method which 
works in one situation may give rise to problems (or 
even fail) in another. A drug assay should always be 
dynamic in nature and subject to continuous 
modification and improvement during its applica- 
tion.66 

CONCLUSION 

This review has shown that there is a wide choice 
of HPLC methods available for the determination of 
benzodiazepines and their metabolites in biological 
samples. Most methods have an acceptable sensitivity 
for routine and research applications and should 
provide a useful alternative to GLC. It has been 
demonstrated in the case of diazepam and des- 
methyldiazepam that the HPLC results show an 
excellent correlation with those generated by 
GLC.27.45*67@ The HPLC results have also been com- 
pared with those of homogeneous enzyme immu- 
noassay (EMIT)45 which was used to measure total 
diazepam and desmethyldiazepam. For serum levels 
there was very good agreement between the two 
methods, but EMIT urine assays gave higher results, 
presumably because of the sensitivity of the EMIT 
reagents to another urinary metabolite of diazepam, 
viz. oxazepam glucuronide, which is not measured by 
HPLC. 

It must be emphasized that for certain benzo- 
diazepines, HPLC still lacks the sensitivity of GLC, 
particularly if the sensitivity range of the ultraviolet 
detector is restricted to 0.01 absorbance units full 
scale (AUFS). Availability of more sensitive detectors 
(maximum sensitivity 0.001 AUFS)69 should solve the 
sensitivity problems for those drugs which are more 
potent and given in low doses (clonazepam, 
flunitrazepam, lorazepam). There is also a dearth of 
HPLC methods for flurazepam, clorazepate di- 
potassium, medazepam and their active metabolites. 
Some promising results have been obtained by using 
electrochemical detectors,28J5-58 but further work is 
required to see how these detectors compare with the 
well-established ultraviolet detectors, in terms of 
overall performance. The reader’s attention is drawn 
to recent reviews on the metabolism’,2 and 
pharmacokinetics’.2,‘6,70 of benzodiazepines, which 
provide up-to-date information in these fields. 

With the introduction of more sensitive detectors, 
novel column systems and automation of the equip- 
ment, the use of HPLC in benzodiazepine analysis is 
likely to increase. In particular, coupling of HPLC 



High-pressure liquid chromatographic determination 7 

with mass spectrometry may allow identification of 33. 

new metabolites of these drugs. 34. 
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Summary-Calibration in atomic-absorption spectrometry is achieved by means of a concentration- 
gradient chamber using a single concentrated standard solution. Calibration is rapid and extends over the 
entire working concentration range of the analyte, irrespective of the shape of the conventionally obtained 
calibration curve. No curve-fitting approximations are involved. With well-designed apparatus, deviations 
are less than 1%. 

In most instrumental analytical techniques no abso- 
lute mathematical relationship exists between the 
magnitude of the quantity observed and the quantity 
of determinand. The relationship is generally a com- 
plex function of instrumental parameters which 
rarely have long-term stability, and the chemical 
environment of the analyte. The latter often has a 
profound effect on instrument response, so it is then 
not possible to ignore the chemical matrix when 
relating signal to analyte. Accordingly, most instru- 
ments require calibration immediately before ana- 
lytical determinations are made. This is certainly true 
of atomic-absorption spectrometry. Variation in 
cleanliness, optical alignment, and performance of 
the line-source, causes day-to-day changes in instru- 
ment response. During operation, baseline drift may 
arise from the gradual stabilization of electrical cir- 
cuits and variations in source intensity, whilst overall 
sensitivity may be influenced by changes in nebulizer 
efficiency, sample flow-rate, and flame chemistry (re- 
sulting from changes in fuel-to-oxidant ratio and 
sample matrix). Certainly, whenever such operational 
parameters are changed, recalibration is necessary. 

Calibration in atomic-absorption spectrometry is 
usually done by stepwise dilution of a concentrated 
stock solution to produce a range of standard solu- 
tions for analysis. The resulting set of points on the 
plot of absorbance vs. concentration is used as the 
basis of the calibration curve. In many modern 
instruments, a microcomputer fits an equation to the 
calibration data. Thus the development of micro- 
processor technology has allowed the calibration 
data-processing step to be incorporated within the 
instrument itself. The preparation of standards, how- 
ever, remains a tedious and time-consuming task 
which greatly reduces sample throughput. Auto- 
mated calibration is therefore an attractive prospect 
for atomic absorption. 

In considering prospects for automated calibration 
procedures, the so-called “flow-injection” techniques’ 
developed over the last eight years or so, look 

promising. The basis of flow injection is the con- 
trolled, reproducible, flow-induced dispersion obtain- 
able when a plug of sample is injected into a reagent 
carrier stream as it flows through narrow-bore 
tubing. The changing concentration profile of the 
sample solution may be monitored by downstream 
detectors, though usually it is the concentration of 
reaction product that is monitored as the basis of the 
analysis. The modification, by stages, of the sample 
concentration profile, from rectangular, through 
skew peak, to Gaussian peak, has been described by 

several authors.‘-3 RdiiEka and Hansen4 defined the 
dispersion, D, by the equation: 

D =C,,,/C, (1) 

where C,,, is the concentration of the injected sample 
and C,, is the concentration at the peak maximum. 

These authors have described the dependence of 
dispersion on flow-rate and tube dimensions. The 
degree of dispersion may thus be preselected to match 
the requirements of a particular analytical procedure. 
The versatility and reproducibility of the dispersion 
process were such that RdiiEka and Hansen4 were 
able to state, “We can replace beakers, pipettes and 
volumetric flasks with small open-ended tubes 
through which we pump the solutions.” This is just 
the basis required for the automation of calibration 
procedures and it should be possible to produce a 
range of standards from a single stock solution by 
varying the dispersion to which it is subjected. Sys- 
tems based on this concept are presently being stud- 
ied. 

Methods of producing concentration gradients by 
using mixing-chambers and differential flow-rates 
have been described by Block and Ling.6 Early work 
with continuous-flow titration techniques employed 
magnetically-stirred mixing-chambers.7 Whilst the 
predictable, reproducible performance of mixing- 
chambers is well-known and understood, certain 
associated properties, notably sample hold-up and 
excessive sample dispersion, render them unsuitable 

9 
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Fig. 1. Schematic diagram of basic apparatus for generating 
an exponential concentration gradient. A and B are 
constant-head reservoirs (Marriott bottles) containing water 
and concentrated stock solution, respectively. C is a rotary 
valve allowing rapid switching between one solution and the 
other. D is the mixing-chamber. E represents the detector 

and recording system. 

for general use in flow-injection systems.* Their elim- 
ination was brought about by a recent return to a 
true flow-injection technique’ wherein the mixing- 
chamber function was achieved by means of a care- 
fully designed flow manifold equivalent to one 
theoretical mixing stage. The removal of the mixing- 
chamber enabled the realization of high-speed 
continuous-flow titrations. 

Electrochemists studying continuous-flow ti- 
trations have employed concentration-gradient pro- 
gramming, achieved by the merging of a constant- 
flow carrier stream with either a constant-flow 
reagent stream of increasing concentration’ or a 
reagent stream of constant concentration and in- 
creasing flow-rate. The practice of making mea- 
surements on alternately increasing and decreasing 
concentration profiles has been called the “Triangle- 
Programmed Titration” technique.” 

Mixing-chambers have also long found favour 
amongst electrochemists,” who continue to defend the 
merits of the device.‘* Similar arguments may be 
advanced for the application of the mixing-chamber 
gradient technique to atomic-absorption calibration, 
namely, precise, reproducible performance described 
by exact mathematical equations readily related to 
the system parameters, and a smooth concentration 
profile compatible with the relatively slow response 
characteristics of the detection system, together with 
the fact that all this is achieved with simple, readily 

available apparatus. 
The basic system, shown in Fig. 1, consists of a 

water-filled ideally-stirred tank into which a stream of 
stock solution is switched to produce an effluent 
concentration which is an exponential function of the 
time elapsed after switching. The use of this system 
for continuous-flow atomic-absorption calibration 
has previously been suggested.‘3,‘4 In this paper, the 

results of a preliminary study of the system repre- 
sented in Fig. 1 are reported. The objectives were to 
assess the viability of such a calibration technique 
and to identify the experimental conditions necessary 
for its successful application. 

PRINCIPLE OF THE METHOD 

An arrangement of the type illustrated in Fig. 1 is 
used to generate an exponential concentration-time 
profile of the type described by the equation 

C = C, [l - exp( - #t/V)] (2) 

where C is the effluent concentration at time t after 
the start of the concentration gradient, C,,, is the 
concentration of stock calibrant solution, u is the 
flow-rate, and V is the volume of the mixing- 
chamber. 

This equation may be derived from a consideration 
of the mass balance in the mixing-chamber (see e.g., 
Danckwerts” or Levenspiel16). The effluent from the 
mixing-chamber is led directly to the nebulizer of an 
atomic-absorption spectrometer, and the resultant 
absorbance-time profile is recorded with a rapid- 
response chart-recorder. Since in atomic-absorption 
work absorbance is generally not a linear function of 
concentration, this curve soon deviates from its initial 
simple exponential form, as shown in Fig. 2. 

Used in conjunction with equation (2), Fig. 2 is a 
continuous calibration plot relating absorbance to 
concentration. In practice, instead of relabelling of 
the time axis, the absorbance-time profile is gener- 
ated and then the sample is admitted directly to the 
nebulizer at the same flow-rate as the calibrant and 
its absorbance is noted. By interpolation (see Fig. 3), 
a corresponding value of t is obtained which is 
substituted into equation (2), giving the concen- 
tration of the sample. For fixed instrument settings, 
in the absence of interferents, absorbance is a func- 
tion of only the concentration and flow-rate. Thus, if 
the absorbances of sample and calibrant (measured at 

A 

t 

Fig. 2. Absorbance-time profile. Curve (a) corresponds to 
a hypothetical profile A = A,[1 - exp( - ut/ V)] where A is 
the absorbance at time t, and A,,, the absorbance corre- 
sponding to C,,, if the sensitivity were independent of 
concentration. Curve (b) is the profile generally observed, 

i.e., curve (a) modified by instrument response. 
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Absorbance- time 

t Sample absorbance 
A 

t-9 

Fig. 3. Interpolation of sample absorbance on 
absorbance-time profile to find the characteristic time value 

for the sample, tX. 

the same flow-rate) are equal, their concentrations are 
equal and 

C,=C,[l-exp(-&/V)] (3) 

where C, is the concentration of the sample and t” is 
the time found by interpolation from the 
absorbance-time profile. 

However, in common with other flow techniques, 
the creation of practical conditions under which 
equation (3) is valid requires careful attention to 
methodology. The minimum requirements are that 
the assumptions made in the derivation of equation 
(3) are valid, namely, 

(a) that mixing-chamber performance is ideal, i.e., 

it conforms with equation (2); 
(b) that the flow-rate may be accurately deter- 

mined and remains constant during the recording of 
both calibration and sample absorbances; 

(c) that no instrumental drift occurs between the 
recording of the calibration and sample absorbances; 

(d) the starting time of the absorbance-time cali- 
bration profile may be accurately located. 

In addition, minimizing the length of connecting 
tubing, ensuring that fittings are well-matched and 
polished, minimizing pump noise by operating at 
maximum speed and minimum roller pressure, and 
avoiding air-bubbles, are reported” to have a 
beneficial effect on precision. 

EXPERIMENTAL 

Apparatus 

Mixing-chamber. This was constructed from borosilicate 
glass, as a sealed unit in the form of a vertical cylinder 
(diameter 2 cm, maximum height 3 cm) with a slight dome 
to allow the escape of air bubbles. The volume (determined 
by filling with water and weighing) was 8.4Oml. The inlet 
and outlet guides were slightly tapered to allow a push-fit of 
the 0.58 mm bore PTFE tubing inside a sleeve of 1.I4 mm 
bore PTFE tubing (Corning Ltd., Laboratory Division, 
Stone, Staffs.). A soft-iron magnet-follower was constructed 
from a pin (13 x 0.5 mm) sealed inside a short piece of the 
0.58 mm bore PTFE tubing. 

Investigation of mixing-chamber performance. The appa- 
ratus is represented in Fig. 1, with the carrier and stock 
calibrant solutions gravity-fed from two constant-head ves- 
sels. The valve was a Rheodyne type 5011 six-position 
rotary valve and the instrument used was a Varian 634 S 
spectrophotometer fitted with a home-made flow-cell mea- 
suring 50 x 2 x 1 mm, mounted vertically with the largest 

faces normal to the light-beam. An identical cell, filled with 
distilled water, was mounted in the blank cell compartment 
of the instrument. The instrument response was monitored 
by a J. J. 100 chart-recorder (J. J. Lloyd Instruments Ltd.). 

Solutions 

Copper(E) sulphate pentahydrate (16 g/l.) in distilled 
water. Magnesium, nickel and chromium, lOOO-ppm stock 
solutions (B.D.H. Chemicals Ltd.). 

<rocedures 

Mixing-chamberperformance. With conventional cuvettes 
it was established that solutions of copper sulphate penta- 
hydrate exhibited an absorption maximum at 808 nm and 
obeyed Beer’s law up to concentrations of at least 16 g/l. A 
range of flow-rates was obtained by varying the head of 
liquid between sample reservoir and waste outlet. Flow-rate 
was measured by averaging the volumes of effluent collected 
during six I-min intervals. Seven absorption-time growth 
profiles were recorded at different flow-rates over the range 
3.6-8.2 ml/min. 

Atomic-absorption calibration. The apparatus is shown 
schematically in Fig. 4. Solutions of magnesium, nickel and 
chromium were used. Their concentrations and the re- 
spective instrument settings employed are shown in Table 1. 
Magnesium was chosen for its high sensitivity and for the 
limited curvature of its conventional calibration plot, nickel 
as an element exhibiting pronounced curvature of the 
calibration plot, and chromium because of its reported 
calibration irregularities.‘* 

The absorbance-time growth profiles were generated by 
using the mixing-chamber, and the time taken for 10 ml of 
cahbrant to be consumed from the reservoir was recorded 
simultaneously. The mixing-chamber was then “short- 
circuited” by making the direct connection Z (Fig. 4) and 
the samples were introduced through S without changing 
the flow-rate. Data from the chart were analysed with the 
aid of a microcomputer. 

RESULTS AND DISCUSSION 

Mixing-chamber performance 

Assuming ideal mixing-chamber performance, the 
growth of concentration within the chamber is ex- 

k H 
W S 

P l-i \ 

\V“ 
\ 

Waste 

,------- A 

IZ 

i 4z#@ C R 

M 

Fig. 4. Apparatus for instrument calibration. A is a Shan- 
don Southern A3300 atomic-absorption spectrometer, C the 
mixing-chamber, M a Gallenkamp model SS615 combined 
magnetic stirrer and hot-plate, P a Gilson Minipuls 2 
peristaltic pump, R a Tekmann TE200 chart-recorder, S a 
lo-ml Teflon non-wetting syringe barrel as sample reservoir, 
V an Altex model 201-25 eight-port injection valve, W a 
constant-head reservoir of distilled water; V and C were 
connected by 7.5 cm of 1.14 mm bore tubing, and C and A 

by 5.51-m of 0.58rmn bore tubing. 
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Table 1. Solutions and instrument settings employed for atomic-absorption calibration 

Setting Magnesium Nickel Chromium 

Monochromator, nm 285.2 232.0 351.9 
Band-pass, nm 0.18 0.1 0.1 
Lamp current, mA 3.5 5.0 3.0 
Air flow, arbitrary units 8.0 8.2 8.65 
Acetylene flow, I./min 2.8 2.8 5.0 
Sample concentration, ppm 0.25-2.0 l&75 2-20 
Calibrant concentrations, ppm 2, 5, 10 100,200 25, 50, 75 
Flow-rate, mllmin 8.4 8.5 8.4 

Table 2. Investigation of mixing-chamber performance by 
solution spcctrometry; data from plots of ln[A,/(A, -A)] 

against t 

Flow-rate, Gradient, Correlation V (calculated), 
ml lmin min-’ coefficient ml 

3.56 0.403 0.99994 8.8 
4.48 0.505 0.99998 8.9 
5.01 0.599 0.99999 8.5 
5.68 0.630 0.99996 9.0 
6.18 0.709 0.99998 8.7 
6.12 0.764 0.99997 8.8 
7.50 0.886 0.99999 8.5 

pressed by equation (1). Applying Beer’s law, we have 
C/C,,, = A/A,, and hence 

A = A,,, [1 - exp ( - U/V)] (4) 

and 

= u/V (5) 

Thus a plot of In [A,/(A, - A)] against t should be 
a straight line with slope u/V, from which V can be 
calculated for a known flow-rate. The results are 
summarized in Table 2, and show good agreement 
with the predicted exponential response. The values 
of the flow-rates were determined with a mean rela- 
tive standard deviation of 1.4% and the mean and 
95% confidence interval for Y were 8.74 f 0.41 ml. 

Observation of a theoretical chamber-volume 
which probably exceeds the true volume confirms 
Pungor’s findings, which suggested that the effect 

la ) 

Sample concentration - 

Fig. 5. “Correction” of absorbance for instrument re- 
sponse. (a) is a hypothetical linear calibration plot, as- 
suming constant sensitivity, (b) is the real atomic- 

absorption calibration curve. 

might be due to a mixing contribution within the 
tubes connected to the chamber. Owing to non-linear 
instrument response, the corresponding atomic- 
absorption absorbance-time profiles are not simple 
exponential-growth functions. Therefore they cannot 
normally be used directly to evaluate mixing-chamber 
performance. Two methods of circumventing the 
difficulty have been employed for test purposes. First, 
truly exponential absorbance-time curves can be 
obtained for an element of high sensitivity by use of 
a solution sufficiently dilute for the conventional 
calibration curve to be linear over the concentration 
range from zero to C, (for example 0.5-ppm mag- 
nesium solution). Secondly the generally non- 
exponential absorbance-time curve may be “cor- 
rected” to remove the modification due to instrument 
response. This is accomplished by reference to the 
conventional calibration curve, obtained under the 
same experimental conditions (see Fig. 5). The ex- 
ponential profile is again observed. In correcting the 
atomic-absorption absorbance-time profile, any ab- 
sorbance A observed at time t, and corresponding to 
a concentration C, is replaced by the corresponding 
absorbance A’. 

The results for a 2-ppm magnesium solution are 
given in Table 3. The times are measured with respect 
to an arbitrary zero. 

A plot of ln[A,/(A, -A)] against t [equation (5)] 
is a straight line (correlation coefficient 0.9997). It 
should be noted that the use of the conventional 
calibration curve was confined to this preliminary 
investigation of mixing-chamber characteristics, 
which is not part of the main calibration procedure. 

Ideal mixing requires that a small element of 
calibrant entering the chamber is instantly and uni- 
formly dispersed throughout the chamber, and is thus 
recognised at the exit at the same instant. Errors are 
introduced if this process takes an appreciable time. 
Inadequate stirring causes the apparent theoretical 
volume of the chamber to fa11,14 whilst dispersion in 
other parts of the apparatus causes it to rise. With 
such a large mixing-chamber, stirring must be vigor- 

Table 3. The “correction” of absorbance for instrument 
response by using the conventional calibration curve 

t, set 0 5 10 20 30 50 70 co 

A 1.5 11.1 19.8 34.6 45.9 61.2 70.5 83.0 
A’ 1.5 11.1 20.3 36.3 49.2 68.2 83.6 115.0 
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(a) not sharply defined on the chart. The interconnection 
/ tb) of the various components by tubing, no matter how 

short, causes some dispersion of the water-calibrant 
/ I boundary. This smooths the sharp intersection of the 

Time --t 

curve with the time-axis, see Fig. 6. 
The problem of locating the time-zero on the 

horizontal scale has been overcome by computer- 
assisted analysis of a small interval (X) of the curve 
after the point of inflection but within the linear range 
of the instrument response, so that the portion X has 
truly exponential form. An arbitrary time-zero Z is 
chosen, from which all times, t m, are measured. These 

^. 
Fig. 6. Time-axis zero of the absorbance-time pronle: 
Z = arbitrary time-zero; 0 = true zero; ZT = measured 

time, t,; ZO = time error, t,; OT = true time, I. 

measured times contain a constant time error t,, 
given by 

t, = t, - t 

ous if ideal mixing is to be approached, but it must 
also be smooth. At very high‘stirring rates the 
magnetic-follower motion became erratic, resulting in 
excessive noise in the recorded calibration signal. 

where t, is the time measured from the arbitrary zero 
and t is the time measured from the true zero. 

Over the interval X, the curve is given by equation 
(4). Substituting for t gives 

A=A,{l-exp[-u(t,-Q/V]} 

Atomic-absorption calibration = A,,, [ 1 - exp ( - ut,/ V) exp (ut,/ V)] 

= A,[1 -kexp( - q/V)] Flow-rate. The technique requires the flow-rates of 
calibrant and sample to be equal. Moreover, the 
flow-rate must be accurately measured, since it is 
required in the calibration equation. Ten replicate 
measurements of the time for the passage of lOm1 
through the system gave a mean flow-rate of 
8.37ml/min with a standard deviation of 
0.03 ml/min. 

where k = exp(utJV) 
With time measured from the arbitrary zero, equa- 

tion (2) becomes, similarly, 

Instrumental drif. Any drift in instrument sensi- 
tivity between calibration and sample analysis causes 
an error. Such errors will be minimized in a fully- 
automated sequence in which calibration and mea- 
surement cycles can be run in close succession. The 
problem also arises, of course, in conventional cali- 
bration procedures. 

Time-axis zero. In practice, the time-axis zero is 

C=C,,,[l-kexp(-r&/V)] (6) 

The value of k is computed by least-squares analysis 
of a plot of A vs. corresponding values of 
exp( - t&/V), using data from the arc X of the 
calibration curve; k is then the negative ratio of the 
slope to the absorbance intercept of this plot. An 
Apple II BASIC program has been written for doing 
the calculation. It also calculates concentrations from 
the time-values for the samples. Copies may be 
obtained from the authors by request. The results for 
a number of determinations are given in Table 4. 

Table 4. Results obtained by continuous-dilution calibration method 

Concentration found, ppm 
Element True concentration, ppm c,*1 c,t2 G§3 

Mg 0.25 (‘4 = 0.19) 0.27 0.25 0.26 
0.50 0.52 0.48 0.50 
1 .oo 1.03 1.00 1.01 
1.50 1.59 1.50 1.52 
2.00 (A = 1.02) - 2.02 2.04 

Cr 2.0 (A = 0.16) 1.99 2.06 2.09 
4.0 3.99 4.07 3.95 
6.0 5.94 6.10 5.86 

10.0 10.1 10.1 9.8 
15.0 15.3 15.2 15.1 
20.0 20.6 20.4 20.0 

Ni 10 (A = 0.47) 10.3 10.3 
20 20.6 20.7 
30 31.0 30.6 - 
40 41.2 40.7 
50 51.5 50.4 
75 (A = 1.19) 77.7 75.8 

*Mg 2 ppm, Cr 25 ppm, Ni 100 ppm. 
tMg 5 ppm, Cr 75 ppm, Ni 200 ppm. 
§Mg 10 ppm, Cr 75 ppm. 
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The concentrations found rarely deviated by more 
than 4% from the sample concentrations, and in most 
of the analyses trends in the errors in the results were 
evident, suggesting that the deviations contained a 
contribution from systematic errors (e.g., an incorrect 
flow-rate or deviation from ideal performance of the 
mixing chamber), rather than being entirely due to 
random errors. It is thought that systematic errors 
could be reduced and the results improved by use of 
a carefully-designed permanent assembly of the appa- 
ratus, incorporating precise measurement techniques. 
A particular improvement would be to extend the 
role of the microcomputer to include storage and 
processing of the absorption-time profile and thus 
dispense with the chart-recorder. Ultimately, a 
microcomputer-controlled system is envisaged 
wherein a sample-input device would be switched into 
a “calibration” mode to record this profile, before 
returning to the “analysis” mode to determine sample 
concentrations. 

CONCLUSIONS 

The viability of a continuous-dilution calibration 
technique for atomic-absorption work has been dem- 
onstrated. The technique uses readily available or 
easily constructed apparatus. The results obtained 
suggest that less than 1% uncertainty should be 
attainable with a carefully-designed assembly. This is 
confirmed by recent results obtained by using a 
microcomputer interfaced with the atomic- 
absorption spectrometer.” 

Of fundamental importance in this system is an 
efficiently stirred mixing-chamber having the shortest 
possible connecting tubes and zero dead-volume. The 
technique depends upon the predetermined and re- 
producible performance of this chamber. 

In addition to eliminating the need for preparation 
of standards, continuous dilution calibration has 

other advantages over conventional calibration. The 
technique is simple, easily automated, and operable 
with existing spectrometers. Instead of use of a 
limited number of data for calibration purposes, the 
entire calibration curve is recorded. This provides a 
vast amount of data suitable for computer smoothing 
and processing. No curve-fitting procedure is in- 
volved, and thus the technique may be applied re- 
gardless of any curvature or irregularities in the 
calibration plot. 
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Summary-A review of the published methods for analysis of organic compounds by atomic-absorption 
spectrophotometry is given. Most of the applications are based on precipitation of metal compounds or 
solvent extraction of metal chelates or ion-association complexes. Although many of the methods offer 
treat sensitivitv. simolicitv. and sneed of analvsis. few have been widely accepted by analysts, but some 
iave proved to ‘be satisfaytory in’ field trials. _ 

In a paper published in 1968, Christian and Feldman’ 
pointed out that some inorganic anions and organic 
compounds could be determined indirectly by 
atomic-absorption spectrophotometry (AAS). In a 
review article in 1973, Kirkbright and Johnson* sum- 
marized the position at that time, and pointed out 
that much attention had been devoted to the devel- 
opment of indirect AAS methods in order (a) to 
extend the range of applications of AAS and (b) to 
take advantage of the inherent sensitivity of AAS. 
The review by Kirkbright and Johnson dealt mainly 
with the determination of non-metals, metals and 
anions, but a section was devoted to the deter- 
mination of organic compounds. Since then, many 
more papers concerned with the indirect deter- 
mination of organic compounds by AAS have been 
published. Pharmaceutical applications have received 
special attention and some comment in short reviews 
by Kidani,3 Miller,4 Rousselet and Thuller,’ and 
Ebdon.6 Here we give a critical discussion of devel- 
opments in the organic field in the past ten years. 

Procedures involving formation of copper or co- 
balt complexes have been particularly popular but are 
often non-specific. Many methods have been con- 
cerned with simulated ideal samples rather than real 
samples, and their authors have sometimes admitted 
that the results did not agree with those obtained by 
other techniques or recommended methods. Indirect 
AAS methods are limited in that the nature or 
composition of the sample must be known so that 
likely interferences can be dealt with. They should 
have found applications as routine methods, but few 
have been adopted, in spite of the many claims that 
they are rapid, sensitive and accurate. 

Some of the methods do not distinguish between 
individual members of a class of compounds in a 

*On study leave from the University of Gezira, Sudan. 
Present address: Faculty of Applied Sciences, University 
of Oum El-Kura, Saudi Arabia. 

mixture, but merely determine the total concentration 
of that class of compounds in terms of the reactive 
group. Some of these methods could be useful for 
comparative routine assessment of a series of samples 
of similar origin. This would be particularly useful if 
a more complete analysis would be very time- 
consuming or complicated. Examples will be cited 
later. 

Many of the procedures are modifications of estab- 
lished spectrophotometric methods involving metal 
chelate formation and solvent extraction, the metal 
being determined by AAS. Errors can arise from 
contamination at the extraction stage if the metal 
used in the reaction is one that commonly occurs as 
an impurity in the solvents employed. The limitations 
of the original spectrophotometric methods (inter- 
ferences and non-specificity) will be inherent in the 
procedures. 

However, the indirect AAS methods may offer 
some advantages. They may save having to buy a 
particular piece of equipment required for an alterna- 
tive method, or may be more rapid (and cheaper) 
than other procedures. The introduction of the 
graphite furnace has led to lower detection limits for 
metals, and hence for species indirectly determined. 

AAS has been combined with various chro- 
matographic techniques, including ion-exchange, and 
this has introduced some selectivity. The use of AAS 
as a detector in gas chromatography is outside the 
scope of this review, however. 

METHODS FOR THE INDIRECI 
DETERMINATION OF ORGANIC 

COMPOUNDS BY AAS 

Six approaches can be used for the AAS deter- 
mination of organic species, but only two have been 
employed extensively-precipitation of a salt, and 
formation of an extractable chelate or ion-association 
complex. A few methods are based on the other four 
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approaches: chemical interference in the flame, chem- 
ical multiplication methods, redox methods, and 
direct measurement (limited to metal-containing 
species). 

Chemical interferences in the flame 

The causes of interference in flames have been 
widely discussed.7-9 An absorbance signal may be 
depressed owing to the formation of a species which 
is difficult to dissociate in the flame. For example, 
proteins such as glucose oxidase and ribonuclease, at 
concentrations below 2.5 x 1O-4 % w/w cause a de- 
crease in the absorption signal for calcium concen- 
trations of 4-6 x 10-4M.’ The decrease is propor- 
tional to the protein concentration but differs from 
one protein to another. Glucose at concentrations of 
less than 10e6M also causes a noticeable decrease in 
the absorption signal for 6 x 10e4M calcium.’ These 
interferences have been attributed to alteration in the 
droplet-size distribution in the spray from the nebu- 
lizer.’ 

On the other hand, absorption signals may be 
enhanced. For example, nitrogen-containing com- 
pounds have been found to enhance the absorption 
signal of zirconium in a nitrous oxide-acetylene 
flame, the magnitude of the enhancement being pro- 
portional to the concentration of nitrogen com- 
pound. lo Aliphatic and aromatic amines and amino- 
acids may be determined; the enhancement has been 
attributed to the formation of relatively volatile and 
easily atomized compounds containing zirconium- 
nitrogen bonds. 

Chemical multiplication procedures 

These methods are really a subclass of the precip- 
itation and complexation methods. They are based 
on formation of compounds having a high molar 
ratio of the element measured in the final step, to the 
species to be determined. For example, heteropoly 
acids are used as precipitants for organic bases, which 
can thus be determined by AAS measurement of the 
molybdenum content of the precipitate. Strychnine 
and brucine have been determined in this way, by 
reaction with molybdophosphoric acid (MPA) to give 
a precipitate;” the excess of MPA is masked with 
citric acid and the MPA-organic base species is 
extracted into methyl isobutyl ketone (MIBK), fol- 
lowed by stripping of the molybdenum into a basic 
buffer and AAS measurement at 313 nm. Alterna- 
tively, the organic phase may be aspirated directly 
into the flame for the molybdenum determination. 
Quinoline can be determined similarly. This method, 
which is not selective, can determine strychnine, 
brucine and quinoline in the ranges C40, C45 and 
2-16 pg/ml respectively. 

Redox methods 

In these procedures a metal is used to reduce an 
organic species and AAS is used to measure the 
amount of metal ion produced, or alternatively a 

metal ion is reduced to the elemental form by the 
organic species and AAS is used to measure either the 
amount of metal produced or the decrease in the 
metal ion concentration. A typical method is the 
determination of chloramphenicol and its esters in 
pure form, suppositories, eye drops, capsules and oral 
suspensions, without prior extraction.” The chlor- 
amphenicol is reduced with cadmium metal, and the 
cadmium ions produced are determined by poten- 
tiometric titration, spectrophotometry or AAS. All 
three methods give consistent results, the AAS 
method having a 98% recovery (standard deviation 
2%). An alternative is slightly more complicated; the 
nitro group is reduced with zinc to yield a substituted 
hydroxylamine, which in turn is reacted with Tollen’s 
reagent to yield silver, which is then dissolved in nitric 
acid and determined by AAS.13 This method suffers 
interference from any reducing compounds present. 
Hassan and Eldesouki’* claim that the cadmium 
reduction method is superior in some respects to 
other methods. For example, the argentimetric and 
spectrophotometric methods are not applicable to 
many pharmaceuticals, because of interference by 
excipients, whereas the cadmium method gives results 
in agreement with those obtained by the official 
method.14 The use of Tollen’s reagent for deter- 
mination of aldehydes by means of its reduction to 
silver will be discussed below, under applications. 

Direct measurements 

Some organic species contain metals and thus can 
be determined by AAS directly. The determination of 
cyanocobalamine (vitamin B,,), which contains one 
atom of cobalt per molecule of the vitamin, has been 
reported.‘%” Large positive errors are likely by the 
AAS method if the vitamin is contaminated with 
ionic cobalt, but some authors suggest prior extrac- 
tion of the ionic cobalt with a chloroform solution of 
8-hydroxyquinoline.‘6 Injections and liquid prepara- 
tions containing cyanocobalamine may be aspirated 
directly into the flame, but tablets and powders must 
be wet-ashed first with concentrated sulphuric and 
nitric acids. When internal standards are used, good 
agreement with USP standard methods is obtained. 
Peck” has developed an electrothermal atomization 
(ETA) method for the determination of vitamin B,, 
in which liquid formulations or tablets are dissolved 
in water, acidified with hydrochloric acid and injected 
into a graphite furnace. A calibration graph for 
O-30 ng/ml cobalt is made. 

The soap content (calculated as sodium oleate) of 
commercial samples of refined olive oil may be 
determined by analysis for sodium.*’ The oil is treated 
with absolute ethanol, the mixture dissolved in ethyl 
methyl ketone and the solution aspirated directly into 
the flame. A linear calibration graph is obtained if 
virgin olive oil and known amounts of sodium oleate 
in the range 3-1000 ppm are used. Errors will occur 
if any other source of sodium is present. 
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Dimethylarsinic acid (DMAA) has been 
determined*’ in sea-water after preconcentration on 
an ion-exchange column and chromatographic sepa- 
ration from other arsenicals and from Group I and 
II metals (which interfere in the final determination). 
A 20-ml sample containing a lo’-fold ratio of inor- 
ganic arsenic to DMAA may be analysed with a 
detection limit of 0.02 ng/ml and recoveries of 
10&102% (standard deviation 6.3%). 

The trimethylselenonium ion has been determined 
in urine** after separation on a Dowex 50 W-X8 
column with 4M hydrochloric acid. After digestion in 
a Teflon high-pressure vessel at 200”, and treatment 
with hydroxylammonium chloride, the selenium is 
extracted with dithizone in carbon tetrachloride and 
determined by AAS. 

The speciation of some eleven mercury compounds 
has been studied by differential AAS. The method 
was applicable to mercury-containing compounds in 
aqueous solution and in biological fluids. 

Organotin compounds have been analysed for tin 
by direct AAS measurement,23a and the same method 
should be suitable for the assay of the tin compounds 
if they occur individually and their identity is known. 
Organoantimony compounds have similarly been 
analysed.23b 

Precipitation procedures 

The element or species of interest is precipitated in 
some form that contains another element deter- 
minable by AAS. This other element is then deter- 
mined either in the precipitate (dissolved in a suitable 
solvent) or in the filtrate. Filtration is not always 
necessary if the precipitate is too refractory to be 
atomized in the flame. Thus, in the indirect AAS 
method for determination of sulphate by addition of 
barium, the barium sulphate does not yield any 
barium atoms in the flame. This simplified procedure 
does not seem to have been reported for measurement 
of organic species. 

The metal ions used most frequently for precipi- 
tation methods are silver, and copper and nickel. 
Oxidation or reduction may also be involved when 
silver ions are used and the methods are then not 
specific for a particular reducing or oxidizing species. 
The methods using copper and nickel ions involve the 
formation of insoluble or extractable species with the 
analyte either directly or after its conversion into 
some suitable ligand. Many ligands form copper or 
nickel complexes, so the methods are non-specific and 
interferences are likely with real samples. 

Ion-association or chelate complex formation followed 
by solvent extraction 

The organic species (with an auxiliary species if 
necessary) is reacted with an excess of a metal ion to 
form an uncharged complex or ion-association com- 
pound which is then extracted into an organic sol- 
vent. The absorbance of the metal in the extracted 
species is measured in the flame, or alternatively the 

unreacted metal remaining in the aqueous phase is 
measured and hence the organic species is deter- 
mined. In another approach the species of interest 
acts as an interfering masking agent in the solvent 
extraction of a metal complex. The decrease in the 
concentration of metal extracted is measured by AAS 
and is proportional to the amount of organic analyte 
present in the aqueous phase. 

Most chelating agents form co-ordinatively satur- 
ated neutral complexes of metals, and these are 
readily extracted. Ligands such as 1,l O-phenan- 
throline form charged complexes which can be ex- 
tracted into an organic solvent on neutralization of 
the charge with a bulky inorganic or organic anion. 
Hence such organic anions can be indirectly deter- 
mined. 

Organic solvents such as ketones, esters, alcohols, 
ethers, aliphatic and aromatic hydrocarbons, and 
nitro compounds may be used for extraction of the 
complexes. Electrothermal atomization possesses an 
advantage over flame atomization in that the range of 
solvents which may be used is less restricted, and the 
problems of toxic combustion products and other 
undesirable combustion characteristics are totally 
eliminated because very small amounts of sample 
solution are used. In general, the use of organic 
solvents in flame AAS improves the sensitivity of the 
metal determination and hence of the organic com- 
pound determination. 

A wide range of applications has been reported, 
many of which are related to pharmaceutical analysis. 
The metal ions most frequently used are copper and 
cobalt. Iron, bismuth, zinc, and chromium have also 
been used. Most of the chromium methods involve 
use of Reinecke’s salt [ammonium tetrathiocyanato- 
diamminochromate(III)]. 

Some indirect AAS methods involve several stages, 
one of which may involve conversion of the analyte 
into another species capable of complexation. Many 
of the methods are rapid and sensitive but they are 
often non-specific. In some cases prior separation of 
the components by chromatography or ion-exchange 
is advisable. 

APPLICATIONS 

The compounds or classes of compounds will be 
dealt with in alphabetical order. Compounds such as 
acids, amino-acids and amines are listed under their 
class names but more complex molecules or com- 
pounds of special interest such as histamine will be 
found under their individual names. Alkaloids are 
listed as bases, and thiols and thiocarbamates as 
sulphur-containing compounds. Chelating agents 
and detergents have received attention as groups of 
compounds, and are listed under these headings. 

Acids 

Aromatic carboxylic acids such as phthalic acid, 
anthranilic acid and b-hydroxynaphthoic acid may 
be determined by AAS by formation of their ion- 
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association compounds with a metal-phenanthroline 
complex. Phthalic acid”x2j may be determined by 
extraction as the ion-pair formed by biphthalate with 
copper(I)-neocuproine (2,9-dimethyl- 1, lo-phenan- 
throline; NC complex; [Cu(NC),][C,H,(CO,)(cO,HI1) 
into methyl isobutyl ketone (MIBK). The copper 
content of the organic phase is proportional to the 
initial concentration of the acid in the aqueous phase 
over the range O-4 x lO_jM, with a relative standard 
deviation of 1.0%. If isomers of phthalic acid are 
present, errors of up to 10% result. Anthranilic acid 
may be determined similarly by formation of its 
cobalt(I1) bathophenanthroline (4,7-diphenyl-l,lO- 
phenanthroline) ion-association complex26 (linear cal- 
ibration for 3-22 pg/ml; 99.5% recovery) or by 
formation of its iron(II1) complex in acetate buffer 
(pH 5.9), and extraction into MIBK.27 /I-Hydroxy- 
naphthoic acid at concentrations of 8 x 10m5-4 x 
10m4M has been determined indirectly by the sol- 
vent extraction of tris( l,lO-phenanthroline)nickel(II) 
/I-hydroxynaphthoate into nitrobenzene, followed by 
measurement of the nickel in the organic phase.28 

The determination of dissolved free fatty acids has 
been of great interest and importance for ocean- 
ographers for many years. Treguer et a1.29 have 
proposed a method for the determination of total free 
fatty acids in sea-water, from which the acids are 
extracted with a chloroform-heptane mixture. A 
copper complex is formed when a mixture of tri- 
ethanolamine, acetic acid and copper sulphate is then 
added. The mixture is centrifuged and an aliquot of 
the organic phase evaporated to dryness, then ammo- 
nium pyrrolidine dithiocarbamate in MIBK is added. 
The complexed copper is determined by AAS. The 
speed of the method (which has a precision of f 10%) 
and the fact that only one litre of water is required 
are the main advantages. The method is also applica- 
ble to the determination of long-chain free fatty acids 
(longer than C,,) at concentrations of lo-4Opg/l. 
Another method for total fatty acid determinations3’ 
also involves the formation of copper complexes and 
extraction into a chloroform-heptane-ethanol mix- 
ture (which does not give a smoky flame). In this 
method the non-esterified acids in serum can be 
determined simply and easily, with a relative standard 
deviation of 4.2%. 

Alcohols 

Thirteen alcohols have been determined by use of 
a simple technique based on the chromium complexes 
formed when a benzene solution of the alcohols is 
added to a reagent solution of chromium(II1) iodide 
and pyridine in acetic acid.” The benzene phase is 
separated, dried with anhydrous sodium sulphate, 
filtered and mixed with methanol. Chromium is de- 
termined in the extract. The method is not specific 
and cannot be used to determine isopropyl alcohol. 

AIdehydes and ketones 

The determination of micromolar quantities of 

aldehydes has been reported.32*33 Tollen’s reagent is 
used to oxidize the aldehydes to the corresponding 
carboxylic acids. 32 The reduced silver is filtered off, 
dissolved in nitric acid and the silver determined. 
Alternatively the silver in the filtrate is determined. 
This method was found to be advantageous for 
determining the “total aldehyde” content in many 
systems containing a number of aldehydes, e.g., 
distilled liquors, flavourings, or perfumes. The 
working range of aldehyde concentration 
(0.1-1.0 x 10e4M) corresponds to a 2-20 pg/ml 
range for silver and the relative standard deviation” 
is 1.2-5.8x in the l-4 pmole/ml range. A very similar 
method was used by Mitsui and Kojima34 for deter- 
mination of aldehydes at concentrations of 
0.002-0.231 g/l. Many alcohols and phenols do not 
interfere, but o- and p-aminophenol, resorcinol, ben- 
zoin and benzil do. 

Low molecular-weight ketones and aldehydes (ace- 
tone, cyclopentanone, ethyl methyl ketone, pro- 
pionaldehyde, butyraldehyde and formaldehyde) 
may be determined by AAS.‘j Copper complexes are 
formed by addition of thiosemicarbazide and copper 
acetate. The mixture is heated to 70”, then cooled, 
and the copper complexes are extracted into benzene. 
The copper content of the organic layer is determined 
but there are some interferences from species such as 
cobalt(II), nickel(II), silver(I), zinc(H). isopropyl- 
amine and chlorobenzene. No interferences from 
magnesium(II), ninhydrin, isatin, phen- 
anthrequinone, phenylacetaldehyde, p-dimethyl- 
benzaldehyde, cinnamaldehyde or salicylaldehyde 
were reported. Recoveries of 96.7-102.2% were ob- 
tained for 0.01-2.01 mg of the organic species, but 
the method is not specific. 

Amines 

This class of compound may be determined indi- 
rectly by AAS in several ways. Mitsui and Fujimura36 
have described a method for the determination of 
primary amines in amounts greater than 1 mg, based 
on complexation with a reagent containing tri- 
ethanolamine, 5nitrosalicylaldehyde, acetaldehyde, 
and copper sulphate. Copper is determined either in 
a solution of the precipitate in nitric acid, or in the 
filtrate. The method suffers from some interferences, 
e.g., from zinc, magnesium and calcium, but second- 
ary and tertiary amines do not interfere if they are 
present in not more than 20-30-fold w/w ratio to the 
determinand. 

The reaction of secondary amines with carbon 
disulphide to give dialkyldithiocarbamic acids 
(DDTCH) has been utilized in an indirect AAS 
method for their determination in micromolar quan- 
tities.” The nickel complex, Ni(DDTCX, resulting 
from the reaction between carbon disulphide and the 
secondary amine in the presence of an ammoniacal 
nickel solution, is separated from the reaction me- 
dium, and dissolved in benzene-acetone (1: 1 v/v); the 
solvent is evaporated, then the residue is digested 
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with HCI-HN03, and diluted with water, and the 
nickel is determined. The calibration graph for nickel 
is linear over a range corresponding to 2-15 pmoles 
of nine secondary amines. The practical detection 
limit is about 0.30 pmole/ml of secondary amine with 
a relative standard deviation of 7.3-12%. The reac- 
tion time is 1.5-2 hr, which is a disadvantage. Pri- 
mary amines interfere and must be removed. 

Hexylamine, diethylamine, triethylamine, dibutyl- 
amine, cyclohexylamine, diethanolamine and piper- 
idine in quantities up to 0.5 mg have been determined 
in a procedure 38 based on the reaction between the 
protonated amine and tetrathiocyanatocobaltate(I1). 
The complexes are formed when the reactants (in 
acetone) are warmed on a water-bath. After evapo- 
ration of the solvent, a few ml of benzene are added, 
a portion of this solution is diluted with methanol, 
and the cobalt content is measured by AAS. Many 
organic compounds do not interfere in this method 
and recoveries are reported to be between 96 and 
103.7%. 

Long-chain primary amines are sometimes added 
to boiler water as anti-corrosion agents. A sensitive 
AAS method for monitoring octadecylamine in cool- 
ing circuits of power stations is capable of deter- 
mining 0. l-l .O pg/ml concentrations of the amine.” 
A mixture of 10% sulphuric acid, 5% aqueous potas- 
sium chromate, sodium sulphate and 1,Cdioxan is 
added to the sample containing the amine, and the 
whole shaken for 1 min. The ion-association complex 
of chromate and protonated amine is extracted into 
nitrobenzene and the chromium content determined 
by using an air-acetylene flame. The detection limit 
for octadecylamine is stated to be 0.02 pg/ml. Inter- 
fering materials are normally present only in negli- 
gible concentrations in boiler waters. 

Amino -acids 

This class of compound has been determined by 
use of copper(I1) solutions. A method claimed to be 
sensitive, reproducible, and specific has been pro- 
posed for the determination of total urinary amino- 
acids,40 based on the formation of copper complexes 
in a borate-phosphate buffer solution. Copper is 
determined (air-acetylene flame) in the supernatant 
liquid, after centrifuging. Gawargious et aL4’ have 
described a similar method for determining 
a-amino-acids. Glycine, valine, phenylalanine, ty- 
rosine, tryptophan4’ and r_.-methionine and 
L-histidine4’ may be determined by reaction of the 
acids with salicylaldehyde in alkaline solution to give 
Schilf’s bases which can be complexed with cop- 
per(I1) and subsequently extracted into MIBK in the 
presence of bathophenanthroline. The copper is 
determined by AAS, and linear calibration graphs are 
obtained for 1.5-15.0 pg/ml of glycine, and 
3.0-30 pg/ml for L-histidine and L-methionine. The 
last two amino-acids may both be determined in a 
mixture by extraction at different pH values. The 
relative standard deviation was about 2% and the 

recovery > 97x, but the methods are not specific and 
not of wide applicability. The same applies to a 
similar procedure reported for the determination of 
p-aminobenzoic acid in pharmaceutical products, in 
which the acid is reacted with copper(I1) to form a 
2: 1 complex and extracted with bathophenanthroline 
in MIBK.44 The copper in the ternary complex extrac- 
ted is determined. Calibration graphs are linear for 
13.7-37.0pg/ml with a recovery of 100.6%. 

Aminodeoxyhexose 

This compound has been determined45 by utilizing 
a reaction with pyridoxal and cobalt(I1) chloride, 
leading to the formation of a Schiff’s base complex. 
The unprecipitated cobalt in the filtrate is measured 

by AAS, enabling 0.03-O. 15 mmole of the hexose to 
be determined, with 97.2-102.7x recovery. 

Aminoquinolines 

Certain aminoquinoline antimalarial compounds 
may be determined by formation of their ternary 
complexes with cobalt(I1) and thiocyanate.46 Amo- 
diaquine (Q) and chloroquine (Q) give complexes of 
the type CoQ,(SCN), whereas primaquine (P) forms 
a CoP,(SCN), ternary complex. The cobalt in the 
nitrobenzene extract of the complexes may be deter- 
mined by spectrophotometry or AAS but the latter 
has higher sensitivity and may be utilized to deter- 
mine the compounds in biological fluids. There is 
good agreement with standard methods when 
pharmaceutical preparations are analysed. 

Barbituric acid derivatives 

Barbituric acid derivatives (0.51-16.21 mg) have 
been determined in pharmaceutical products by pre- 
cipitation as copper pyridine barbiturate complexes.47 
The copper, either in the precipitate (after dissolution 
in concentrated nitric acid) or in the filtrate, is 
determined. Although simple and rapid, the method 
suffers from interferences from some metals, but this 
may be overcome by prior precipitation of the metals 
with sodium carbonate solution. Sulphonal, bro- 
movaleryl urea and bromodiethylacetyl urea do not 
interfere. 

Another procedure for the determination of barbi- 
turate derivatives4* also relies on precipitation of 
copper complexes. Barbital, amobarbital, pheno- 
barbital, allobarbital, pentobarbital, and ethyl- 
hexobarbital may be determined at concentrations of 
1&240pg/ml. The unprecipitated copper in the 
filtrate is determined by AAS. Sedatives such as 
sulphonal, bromovaleryl urea, bromodiethylacetyl 
urea, ethinamide and glutethimide, when present in 
considerable excess (19-51-fold ratio to analyte), do 
not interfere. Interferences from metal ions (Na+, 
K+, Ni*+, Co*+, Zn*+, and Fe2+) may be eliminated 
by extraction of the barbiturates with chloroform at 
pH 6. 
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Bases Biuret 

Organic bases such as quaternary ammonium com- 
pounds,49 azepine,50 phenothiazines,5’ and 
noscapines2 have been determined by various tech- 
niques, all of which are non-specific. Alary et a1.49 
determined 4 pmoles of quaternary ammonium com- 
pounds by addition of sodium dioctylsulphosuccinate 
(DOSS) in the presence of sodium chloride, shaking 
the mixture, and addition of copper-l,lO- 
phenanthroline to form a complex with the excess of 
DOSS. This complex is extracted with MIBK and the 
copper determined by flame AAS. The method is 
convenient for the assay of pharmaceuticals that are 
heavy heterocyclic compounds or contain long hy- 
drocarbon chains. It is not recommended for phar- 
maceutical products containing esters, amides or 
hydroxy groups, even though it offers good sensi- 
tivity.49 

This compound may be determined in mixed fertil- 
izers and urea by AAS. 5s57 Singhal et a1.55 state that 
the only disadvantage is that the copper hydroxide 
used for complexing must be kept for 5 hr before use. 
The method of Woodis et a1.j6 is based on treatment 
of an ethanolic solution of biuret with copper(I1) in 
order to form the copper complex, which is filtered 
off and analysed for copper. The method was said to 
give more reliable results than the AOAC official 
method, in which no corrections are made for mixed 
fertilizers. ‘* Corominas5’ studied the method of 
Woodis et al. in collaboration with ten laboratories 
and also concluded that the method was better than 
the official method for mixed fertilizers. The two 
methods did not differ for urea samples, and the 
indirect AAS method was adopted, with the AOAC 
method retained as an alternative for biuret in urea. 

A number of diazepine bases may be determined by 
using similar procedures, all of which are unselective. 
At low pH (about 3), the protonated base forms a 1: 1 
complex with bis(2-ethylhexyl) sulphosuccinate 
(EHOSS). The excess of EHOSS is reacted with 
copper-l, IO-phenanthroline, and this complex is ex- 
tracted into MIBK and finally the copper is deter- 
mined by AAS. One of the azepine series, opipramol, 
forms a 1: 2 complex with EHOSS.” A small amount 
of phenothiazine (l-4 pmole) may be determined by 
its reaction with DOSS at pH 3. The excess of DOSS 
is complexed with copper-l,lO-phenanthroline and 
extracted with MIBK, and the copper determined. If 
the complex formed between DOSS and pheno- 
thiazine is not sufficiently stable, an extraction stage 
with chloroform is included.51 

Butylscopolarnine salts 

Butylscopolamine bromide and butylscopolamine 
tannate, which are parasympathetic nerve-blocking 
agents have been determined in blood, urine, and 
faeces by formation of the ion-pair complexes with 
Co(SCN):- in acidic medium in the presence of 
tartaric acid.59 The complexes extracted into chloro- 
form are analysed by AAS after dilution with MIBK 
or ethyl acetate. The calibration graph is linear for 
3-15 pg of butylscopoline bromide and 5-30 pg of 
the tannate. 

Chelating agents 

A complex can also be formed between noscapine 
and Reinecke’s salt at pH 1.7 in the presence of 
tartaric acid, and extracted into chloroform, then the 
chromium is determined in the organic phase.52 Good 
results are claimed for synthetic and commercial 
samples. The method is again non-specific, since 
Reinecke’s salt may also be utilized to determine 
alkaloids such as strychnine, quinine, emetine, pro- 
caine, tetracaine and ephedrine.j3 The complex is 
extracted into nitrobenzene and the chromium in it is 
determined by AAS. A large number of inorganic 
cations and anions, glutamates, starch, and sucrose 
do not interfere. 

Chelating agents such as ammonium pyrrolidine 
dithiocarbamate and 8-hydroxyquinoline may be de- 
termined by formation and extraction of their copper 
or cobalt chelates into MIBK at an appropriate PH.’ 

Benzylpenicillin 

Low concentrations of benzylpenicillin (18.6 
111.6 pg/ml) have been determined by forming an 
ion-pair between the compound and the 
tris( l,lO-phenanthroline)cadmium chelate, extracting 
into nitrobenzene and determining the cadmium.54 
The relative standard deviation is about 2%. The 
procedure is simple and no interference was found 
from compounds such as starch, lactose, dextrin and 
saccharin sodium. 

Ethylenediaminetetra-acetic acid (EDTA) may be 
determined in two ways. The first uses the masking 
effect of EDTA on the extraction of the 
copper-oxinate complex into MIBK at pH 6.5. The 
decrease in the AAS signal for copper is linearly 
proportional to EDTA concentration over the range 
O-4 x 10-5M in the aqueous phase.’ The second 
method@ is based on addition of excess of nickel, 
removal of the surplus by precipitation with dimeth- 
ylglyoxime and filtration, followed by release of 
nickel from the EDTA complex by pH adjustment, 
and determination by AAS. The method has been 
applied to determination of EDTA added to strep- 
tomycin (during manufacture) to remove alkaline- 
earth metal impurities. The reproducibility is 
f 1.3 pg/g with a detection limit of 4 fig/g. There is 
no interference from phosphate, a species frequently 
present in pharmaceutical products. 

Nitrilotriacetic acid (NTA) has also been deter- 
mined by AAS6’ in an evaluation of the toxicity of 
aquatic systems. The method involves AAS mea- 
surement of the amount of solid lead carbonate 
initially dissolved by the NTA. It is claimed that the 
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method is easy and rapid, and no special reagents are 
required. However, the procedure was designed for 
use in controlled laboratory studies and is not recom- 
mended for field determinations. In natural and 
industrial waters, other complexing agents and cal- 
cium ions would interfere. The same limitations apply 
to a similar method which uses the complexation of 
copper in alkaline media for measurement of the total 
chelating agents6* The surplus copper is precipitated, 
and the copper left in solution is determined by AAS. 
Although the method is simple and sensitive, deter- 
mination of individual chelating agents requires their 
prior separation. 

Chinoform 

The drug chinoform (5chloro-7-iodo-&quino- 
linol) can be determined by extraction of its zinc 
chelate into MIBK63 and AAS measurement of the 
zinc at 213.8 nm; a linear calibration graph is ob- 
tained for 6-30pgg/ml of chinoform. 

Chloropheniramine maleate 

This compound forms a 1: 1: 1 ternary complex 
with the copper-zincon chelate in water at pH 4.3. 
The ternary complex is extracted into chloroform 
and the copper determined by AASU A linear 
relationship is found for 1.9-27.4 pg/ml of chloro- 
pheniramine maleate in the aqueous phase, with a 
relative standard deviation of 2.2%. Although the 
method offers simplicity and good sensitivity, some 
species, such as methylephedrine and diphenyl- 
hydramine interfere. 

Chlorprothixene 

A method for the determination of chlorprothixene 
in drugs involves precipitation with a freshly pre- 
pared solution of ammonium reineckate.65 The pre- 
cipitate is filtered off and chromium in the filtrate 
determined by AAS. The calibration graph is linear 
for 8-10 pg/ml of chromium and 98.6100.9% recov- 
ery is achieved. Other basic drugs that form insoluble 
reineckates interfere, but tablet additives do not. 

Colchicine 

Colchicine in biological samples may be deter- 
mined by extraction from alkaline solution with 
chloroform.66 The extract is centrifuged and evapo- 
rated, and the residue dissolved in water. This solu- 
tion is reacted with isonicotinohydrazide in the pres- 
ence of sodium carbonate; the hydrazone produced 
reacts with copper acetate to form a copper complex. 
There are some interferences from carbonyl- 
containing drugs or their metabolites. The calibration 
curves are linear for 3-30 mg of colchicine with 
recoveries of 95598%. 

Detergents 

Le Bihan and Courtot-Coupez6”” have described 
several methods for the determination of anionic and 
cationic detergents in water. In one of these,68 it was 

possible to determine anionic detergents in water at 
very low concentrations (from 3 ng/ml to 2.5 pg/ml, 
calculated as the sodium salt). The ion-association 
species formed with the 1 , lo-phenanthrolin=opper 
complex was extracted into MIBK, and the copper 
determined by AAS. Traces of cationic surfactants at 
the 5-200ng/ml level have been determined69 by 
formation and extraction (into benzene) of the tetra- 
thiocyanatocobaltate ion-association complex with 
the surfactant, followed by determination of the 
cobalt in the organic phase by ETA. The same 
authors” have described a modified technique for the 
ETA determination of anionic and non-ionic deter- 
gents in which smaller water samples and simpler 
extraction processes were used, permitting deter- 
mination at the lo-pg/l. level. 

The benzene extraction of the tetrathiocyanato- 
cobaltate ion-association complexes and AAS deter- 
mination of the cobalt has also been used for the 
determination of non-ionic surfactants at concen- 
trations down to SOpg/l. (of Triton X-100) in the 
presence of up to 1 g/l. of polyoxyethylene glycol.” 
The method was based on that of Greff et al.‘* The 
relative standard deviation was found to be up to 
15% and the method suffered interference from di- 
thiocarbamates and humic acids. A method for the 
determination of anionic detergents at levels below 
50 pg/l., reported by Crisp et al.,‘3 involves solvent 
extraction (into chloroform) of the ion-association 
complex formed with bis(ethylenediamine) cop- 
per(II), followed by ETA determination of the copper 
in the extract. The limit of detection is 2pg/l. for 
linear alkylsulphonic acids. Recoveries are 95-100% 
for 100 pg of the linear alkylsulphonic acids but 
lower for sea-water samples. Only sulphide and 
iron(II1) interfere; the former may be destroyed by 
hydrogen peroxide and the addition of EDTA sup- 
presses interference from 100 mg/l. of iron(II1). The 
authors point out that the Methylene Blue active- 
substance test74 is not adequate for concentrations 
below 50 pg/l. and has a detection limit of 25 pg/l. for 
fresh waters and poorer sensitivities with marine and 
estuarine waters. The selectivity of the AAS method 
should be an attraction, but it is not clear whether the 
method has been widely adopted. 

Better limits of detection (0.3 pg/l.) have been 
achieved in a method’j for the determination of 
anionic detergents in natural (fresh and saline) waters 
at the pg/l. level, based on the method of Crisp et al.” 
but with a lower chloroform/sample volume ratio and 
measurement by graphite furnace AAS. Calibration 
graphs were linear for O-50 pg/l. Crisp et aZ,76 also 
developed a method for determination of non-ionic 
surfactants at concentrations of 0.05-2 mg/l. by for- 
mation of the neutral adducts with potassium tetra- 
thiocyanatozincate (at pH 6-8), extraction of these 
into 1,2-dichlorobenzene, stripping of zinc into dilute 
hydrochloric acid and its determination by flame 
AAS. Solutions of Triton X-100 were used as stan- 
dards. Anionic surfactants do not produce large 
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errors (e.g., only the equivalent of 0.07 m&l. when 
present at 5 mg/l.), but sulphides, iron(W), alumi- 
nium(II1) and chromium(II1) interfere at the 
O.l-mg/l. level and copper(I1) interferes at 10 mg/l. 
Soaps at 1.0 mg/l. do not interfere but cationic surf- 
actants form extractable ion-association species with 
Zn(SCN)i- and interfere. 

A precipitation technique has been used for the 
determination of 0. l-l .2 mg of non-ionic detergents 
in water and sewage samples.77 A 5-litre sample is 
extracted with ethyl acetate by a foaming technique, 
the organic extract is evaporated, and the dry residue 
is mixed with molybdophosphoric acid solution and 
barium chloride. The unconsumed molybdenum 
present as molybdophosphoric acid after centrifu- 
gation or filtration is determined by AAS. The recov- 
eries range from 97.3 to 102.1% and the method may 
be applied to samples containing proteins or calcium, 
magnesium or manganese salts. 

Diketones 

Minami et a1.78 have developed an indirect AAS 
method for the determination of 0.05-2.0mg of 
biacetyl. The sample is heated with hydroxyl- 
ammonium chloride and sodium acetate, then a 
known amount of nickel is added to precipitate the 
dimethylglyoxime formed and the nickel in the pre- 
cipitate or the surplus nickel in the solution is deter- 
mined. It is difficult to imagine applications to anal- 
ysis of real samples, but the method is said to be. free 
from interference from cations and many organic 
compounds such as acetone, ethyl acetate, ethanol, 
acetic acid and phenol. However, the method could 
probably be adapted for determination of hydroxy- 
lamine in water by the Pittwell method.79 

Diols 

Oles and Siggia’O have described a rapid, sensitive 
AAS method for the determination of micromolar 
quantities of 1,Zdiols in the presence of 1,3-diols. 
The 1,Zdiols are oxidized with periodic acid and the 
iodate formed is separated by precipitation as silver 
iodate which is then dissolved in ammonia solution 
and analysed for silver. The precision of the method 
is 0.9-5.0% for 0.34.0 pmole of the 1,2-diol per ml. 
The practical limit of detection is 0.2 ~mole/ml. This 
procedure was found to be particularly useful for the 
determination of 1,2-diol impurities in compounds 
containing non-adjacent hydroxyl groups. The sensi- 
tivity is equal to or greater than that of other 
procedures. 

Esters 

Aliphatic esters at concentrations of 0.04- 
3.5 mg/ml have been determined8’ by a procedure 
involving production of a ferric hydroxamate, fol- 
lowed by removal of surplus iron(II1) as basic benzo- 
ate. The iron in the hydroxamate is determined by 
AAS. Potassium, magnesium, calcium, diethyl ether, 
acetone, acetic acid, aniline, nitrobenzene, pro- 

pionaldehyde and phenol may be present, but there 
are interferences from copper and aluminium. Recov- 
eries are between 92.4 and 105%. 

Ethambutol 

Up to 4OO,ug/ml of ethambutol has been deter- 
mined by formation of its copper complex in alkaline 
medium @H 8-l 1.5), extraction into methyl ethyl 
ketone and determination of copper in the extract8* 
The method is of limited application because so many 
other compounds form copper complexes. 

Ethinyloestradiol 

A suitable method for the determination of ethi- 
nyloestradiol in tabletsg3 involves treatment by 
nitrous acid to form the 0-nitrosoderivative, which is 
then converted into the cobalt chelate by treatment 
with sodium cobaltinitrite in acetic acid. The pro- 
cedure gives a linear calibration graph for 0.5-1.0 mg 
of ethinyloestradiol. 

Flufenamic acid 

Minamikawa et aLg4 observed that flufenamic acid 
forms a chelate with copper in the presence of 
2-(2-hydroxyethyl)pyridine and developed an indirect 
method for the determination of the compound in 
biological samples by extraction of the chelate into 
propyl acetate and AAS determination of the copper. 
The method is more sensitive than the thin-layer 
chromatographic method, and can be applied to 
samples without separation or preconcentration pro- 
cedures. 

Folic acid 

Folic acid may be oxidized by potassium 
permanganate to 2-amino-4-hydroxypteridine-6- 
carboxylic acid, which reacts with nickel(I1) to form 
a metal complex. ” This complex, on extraction with 
MIBK in the presence of bathophenanthroline is 
converted into an ion-association complex which is 
then analysed for nickel. The method has been ap- 
plied to pharmaceutical preparations and has a rela- 
tive standard deviation of 1.8% at the 1.2-20 pg/ml 
level. The method shows no interference from 
nicotinamide, pyridoxal phosphate, thiamine, 
cyanocobalamine, calcium pantothenate, retinol ace- 
tate and riboflavine. 

Histamine 

Histamine in animal tissues and urine may be 
determinedg6 by formation of the histamine-copper(I) 
cationic chelate which can be extracted as its ion- 
association complex with picrate into nitrobenzene. 
Copper is then determined in the organic phase. 
Many inorganic compounds may be present in 
IOO-fold ratio to histamine without interfering but 
serotonin and histidine interfere strongly, an effect 
which may be depressed by addition of iron(I1). 
Catecholamines (adrenaline, noradrenaline and 
dopamine) do not interfere if present in less than 
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fivefold molar ratio to histamine (up to 2 x lO’A4). In 
the concentration range from 5 x 10e6M (0.92 pg/ml) 
to 3 x 10-5M (5.52 pg/ml) the relative standard devi- 
ation is 2%. 

Hyoscine -N-butylbromide 

Hyoscine-N-butylbromide in pharmaceutical prep- 
aration#’ can be determined by extraction of its 
ion-association complex with tetrathiocyanato- 
cobaltate( and AAS analysis for cobalt. The com- 
plex is readily soluble in most organic solvents, but 
1,2-dichloroethane, in spite of its toxic combustion 
products, is the most suitable. A linear relationship 
was found for the 5 x 10W5-7 x 10m4J4 concentration 
range. 

Isonicotinylhydrazine 

This compound may be determined by formation 
of the isonicotinylhydrazinecopper chelate and ex- 
traction into MIBK.** The method is suitable for 
determination of the compound in pharmaceutical 
products. Determination of copper gives a linear 
calibration graph for concentrations of iso- 
nicotinylhydrazine in the range 0.2-1.7 x 10e4M with 
a relative standard deviation of 0.4%. 

Malathion 

The compound is hydrolysed to give dimethyl- 
dithiophosphate (DMDTP) which is then reacted 
with bismuth(II1) to give a complex extractable into 
MIBK.89 The bismuth-DMDTP complex is used for 
calibration. 

Methylamphetamine hydrochloride 

Methylamphetamine hydrochloride (down to 
16 pg/ml)90 has been determined in drugs by precip- 
itation as a bismuth complex, on addition of 7% 
hydrochloric acid and 7% potassium iodide solution 
saturated with bismuth(II1) chloride. The uncon- 
sumed bismuth in the filtrate is determined by AAS. 
The determination may be done in the presence of 
ephedrine hydrochloride; metal ions and certain 
organic species do not interfere up to certain concen- 
trations. Interferences can be eliminated by prior 
extraction of the methylamphetamine hydrochloride 
into chloroform. A more sensitive method9’ has 
been described for the determination of methyl- 
amphetamine, and also diethylamine hydrochloride 
and ephedrine hydrochloride, by reacting the amines 
with carbon disulphide in the presence of copper(H) 
and ammonia solution. The copper complex is extrac- 
ted into MIBK for determination of copper. Linear 
calibration graphs for 1.9-8.0 pg/ml of methyl- 
amphetamine hydrochloride, l.l-6.6pg/ml of 
diethylamine hydrochloride and 1.2X3.0 pg/ml of 
ephedrine hydrochloride are reported. The recoveries 
range from 93.3 to 103.2% and it is claimed that the 
method is quicker than the precipitation method with 
bismuth. 

Nitro groups 

The method involves oxidation of the nitro group 
to nitrate with cerium(IV) sulphate or potassium 
permanganate. g2 The nitrate formed is then treated 
with copper-neocuproine complex to form an ion- 
pair which is extracted into MIBK, and the copper is 
determined. Tollen’s reagent may also be used for the 
determination of some nitro-compounds.‘3 The nitro 
group is reduced to the substituted hydroxylamine 
with zinc powder, then treated with Tollen’s reagent 
to yield metallic silver. The precipitate is dissolved in 
nitric acid and the silver determined by AAS. Good 
precision is claimed but there are interferences from 
resorcinol, benzoin, p-aminophenol and ninhydrin. 
Benzoic acid, aniline, benzaldehyde and p-nitroso- 
N,N-dimethylaniline up to 2.5 times the concen- 
tration of the nitro-compound do not interfere. Inter- 
ferences from metal ions are eliminated by prior 
extraction of the nitro-compounds into benzene. 

Oxalic acid 

In recent years there has been increasing demand 
for a method for determination of oxalic acid in urine 
samples, because calcium oxalate stones can form in 
the urinary system and routine clinical tests are 
required for urine samples. Two routine AAS micro- 
methods are based on the precipitation of oxalate 
with an excess of calcium ions at pH 5.93,94 The 
calcium in the precipitate from the aliquot used is 
determined from the difference between the amount 
of calcium left in the supernatant liquid, and the total 
calcium in a second aliquot treated with the same 
amount of added calcium but at pH 2. Both methods 
give 95% recovery and are free from interferences 
from phosphate, ammonium, magnesium(II), and 
uric acid even at high concentration. Although the 
method of Koehl and Abecassis94 gave a better 
precision (standard deviation 3.0 mg/l. for thirty 
17-mg/l. samples) than that of Menache (standard 
deviation 7.5 mg for a range of O-40 mg), it is more 
time-consuming, the precipitation taking 48 hr. 

Phenols 

A number of phenols can be determined by for- 
ming their cobalt complexes by heating with sodium 
cobaltinitrite in acetic acid to 1Oo”,95 extracting into 
MIBK and analysing the organic phase for cobalt by 
AAS. Recoveries are 94.6104.5x. Copper(I1) and 
iron(II1) interfere and the presence of aniline is a 
disadvantage. In another methodT6 catechol may be 
determined by extraction of its copper chelate into 
chloroform in the presence of trioctylmethyl- 
ammonium chloride. The extract is diluted with 
methanol and the copper determined by AAS; a 
linear relationship is found for the range 
11-176 pg/ml. Many cations and anions do not inter- 
fere. Pentachlorophenol (PCP) may be determined by 
extraction as [FePhen,][C,Cl,O], into nitrobenzene 
from an aqueous phase containing an excess of 
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tris( 1, 10-phenanthroline)iron(II).97 Concentrations in to determine iodoform, theobromine and sodium 
the range O-3 x 10-4M may be determined. salicylate.” 

Phenylacetylene 

Phenylacetylene has been determined by Smith and 
Bailey9’ by reaction with ammoniacal silver nitrate at 
room temperature to form silver acetylide. The pre- 
cipitate is washed, separated and dissolved in piper- 
idine, and the silver is determined, either in the 
precipitate or in the supernatant solution. In the first 
technique, the calibration curve was linear for 
1.0-4.0 pgg/ml of silver with a mean recovery of 
100.4% and a relative standard deviation of 6.5%. In 
the second technique the calibration curve was linear 
for 2.5-7.5 pg/ml of silver with a mean recovery of 
100.3% and a relative standard deviation of 2.9%. 

Electrothermal AAS has been used for the 
determination of the metabolites of tetramethyl- 
thiuramdisulphide’03 and tetraethylthiuramdi- 
sulphide,‘” (sodium dimethyldithiocarbamate and 
sodium diethyldithiocarbamate respectively). The 
method is based on formation of the copper dithio- 
carbamate complex, its extraction into carbon tetra- 
chloride, and injection of the extract into the graphite 
furnace. The method offers a limit of detection of 
0.5 mg/l., with linear calibration graphs for 
l-10 mg/l. 

Tannins 

Porphyrins 

Porphyrins have been determined by separation as 
their copper chelates.99 The method is claimed to 
simpler and more suitable for routine use than the 
spectrophotometric method. 

Tannins in aqueous tea extracts have been 
determinedto b y precipitation with copper acetate 
followed by AAS determination of copper, either in 
the precipitate (dissolved by digestion with a mixture 
of nitric and sulphuric acids) or in the filtrate. The 
authors report that the results agreed with those 
obtained gravimetrically but it would appear that the 
AAS method offers very little advantage. 

Sugars and polyhydroxy compounds Vitamin Bl 

A method for the determination of sugars in plant 
material reported by Potter et al.lw has the advantage 
of simplicity as well as good agreement with the 
official method. The AAS method utilizes the reduc- 
tion of copper(I1) in alkaline solution to insoluble 
copper(I) oxide, which is separated by centrifugation; 
the unreduced copper(I1) in solution is then deter- 
mined by AAS. Other reducing agents present will 
interfere so the method is not specific. Compounds 
such as glycerol, lactose, saccharose, glucose, and 
tartaric acid33 have been determined in ethanol sam- 
ples by utilizing their reaction with periodic acid to 
yield iodate, which is then precipitated by addition of 
silver nitrate solution. The silver iodate is washed 
with dilute nitric acid and water, then dissolved in 
ammonia solution, and the silver is determined by 
flame AAS. Limits of detection are 0.2-1.9 mg. 

Hassan et al.‘06 have developed a simple, rapid and 
accurate method for the determination of vitamin B, 
in pharmaceutical preparations, based on de- 
sulphurization with potassium plumbite and precip- 
itation of lead sulphide. The unreacted lead(I1) is 
measured by AAS. The method takes only 15 min. It 
is accurate and sensitive with a linear calibration 
graph for I-10ygjml of lead. Recovery for pure 
vitamin B, was found to be 99.1% with a standard 
deviation of 0.8%. The effects of several common 
excipients and diluents used in the preparation of 
capsules, tablets and suspensions were examined. 
Magnesium stearate, talc, sodium citrate, carboxy- 
methyl cellulose, Tween 80, poly(viny1 pyrrolidone), 
glucose and lactose in large amounts showed no 
interference. There was also no effect from vitamins 
B,, B,, Blz and nicotinamide. 

Sulphur -containing compounds 

Several organic sulphur-containing compounds 
may be determined by precipitation of their silver 
compounds, followed by determination of the excess 
of silver in solution or in the precipitate after its 
dissolution in nitric acid.‘0’r’02 The first procedure’O’ 
was used to determine mercaptobenzothiazole and 
xanthates; good recoveries were obtained but this can 
be attributed to decomposition of the precipitate in 
the case of xanthate. The second procedure’0z gives an 
analysis time of 15 min per sample for the deter- 
mination of total thiol content at the level of 
0.820 pmole/ml, with a relative standard deviation 
of O&3.2%. Individual thiols cannot be determined 
and hydrogen sulphide interferes. Compounds not 
containing sulphur but giving insoluble silver salts 
also interfere. Hence the method has also been used 

CONCLUSIONS 

Many of the authors of papers dealing with indi- 
rect AAS methods for the determination of organic 
species have claimed that their methods are rapid, 
simple, accurate, and sensitive. If the nature of the 
matrix and the likely interferences are known, some 
of the methods may offer some advantages, but few 
have found applications for real samples. Some pro- 
cedures are specific and give results which agree with 
those of official methods, e.g., the cadmium reduction 
method for the determination of chloramphenicol’* 
and the copper precipitation method for biuret,56 and 
the latter has undergone laboratory trials that prove 
it to be better than the official method for mixed 
fertilizers. 
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Metal 

Table 1. Principal metals used in organic analysis by AAS 

Reaction or product Applications 

Chromium Formation of reineckate 

Cobalt 
Complex formation 
Tetrathiocyanatocobaltate 

complex 

Schiff’s base complex 
Cobalt complex 

Copper 

Nickel 

Silver 

Bathophenanthroline 
ternary complex 

Ternary or ion-association 
complex 

Complex formation 

Masking of oxine complex 
Precipitation 

Precipitation 

Reduction to metal 
Precipitation of silver 

iodate 
Precipitation of silver 

iodide 
Precipitation of silver 

acetylide 
Precipitation of silver 

salt 

Alkaloids,s3 noscapine,52 
chloroprothixene@ 

Alcohols,” octadecylamine39 
Amines, aminoquinoline antimalarials,46 

butylscopolamine,59 detergents,69 
hyoscine-N-butylbromide*’ 

Aminodeoxyhexose45 
Ammonium pyrrolidine dithiocarbamate,’ 

ethinyloestradiol,83 phenols95 
Anthranilic acid26 

Amino-acids,“+ azepine,% 
bases,” chloropheniramine maleate,@ 
detergents,68.70,73 diazepinesM 
flufenamic acid x4 histamine,86 
nitro compoun&,92 noscapine,52 
phenothiazines,sl phthalic acid,r4,25 
quatemary ammonium salts” 

Aldehydes and ketones,35 catechol,96 
colchicine,ti diethylamine,9’ 
dithiocarbamates,‘~ia’~‘@’ 
ephedrine hydrochloride,” 
ethambutol,82 fatty acids,29,30 
%hydroxyquinoline,’ isonicotinyl hydrazine,88 
methylamphetamine hydrochloride,9’ 
porphyrit# 

EDTA’ 
Amino-acids,“A’ barbiturates,47,48 

biuret,5s57 primary amines, 
sugars,iw tannins,io5 

Aliphatic secondary amines:’ 
biacetyl,78 EDTA” 

Aldehydes?*-” nitro compounds” 
Dials,” sugars,3’ tartaric acid” 

Iodoformio’ 

Phenylacetylene9s 

Salicylate,“’ sulphur compounds,‘0’.‘02 
theobrominelO’ 

However, many of the indirect AAS methods can 
be said to be notable for their ingenuity and little else. 
It has been pointed out that trace organic analysis 
presents more difficulties than does inorganic trace 
analysis. lo7 Separation procedures are used exten- 
sively (except for a few cases of highly specific 
enzymatic methods) and the various chro- 
matographic techniques are still the most favoured, 
followed by a final determination step which is 
specific. 

For convenience in cross-reference, the main appli- 
cations are listed according to the metal used in the 
final determination, in Table 1. 
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FLUORESCENCE PROPERTIES OF SOME 
SCHIFF’S BASES DERIVED FROM 

3-HYDROXYPYRIDINE-2-ALDEHYDE AND OF THEIR 
METAL CHELATES 

FLUORIMETRIC DETERMINATION OF MANGANESE BASED ON 
ITS CATALYTIC EFFECT ON THE OXIDATION OF THESE 

COMPOUNDS WITH HYDROGEN PEROXIDE 
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Summary-The fluorimetric properties of the oxime, thiosemicarbazone, azine and 2-pyridylhydrazone of 
3-hydroxypyridine-2-aldehyde have been studied; quantum yields have been measured in ethanol-water 
and ethanol-dimethylfonnamide media. Two kinetic methods are described for the determination of trace 
amounts of manganese(II), based on its catalytic effect on the oxidation of the thiosemicarbazone and 
of the azine by hydrogen peroxide. The reactions are followed by measuring the rate of change of the 
fluorescence. The calibration graph is linear over the manganese range 5-50 ng/ml with a precision of 
*3.0x for the thiosemicarbazone, and 0.4-0.9 pg/ml with a precision of *2.0x for the azine. 
Interferences by foreign ions have heen investigated. 

The fluorescence of SchiK’s bases derived from sali- 
cyladehyde has been widely studied, as well as that of 
their metal chelates. The complexes of zinc with 
salicylaldehyde thiosemicarbazone, semicarbazone 
and acetylhydrazone have been investigated by Holz- 
becher,’ although no analytical applications have 
been proposed. Other aromatic Schiff’s bases, such 
as 2-hydroxyaniline-N-salicylidene (salicylidene-o- 
aminophenol) react with aluminium, gallium, beryl- 
lium and other metal ions to form complexes which 
give a fluorescent emission that can be utilized for the 
determination of these ions.2 Recently, seventeen 
aromatic Schifl’s base derivatives with alkyl groups 
m- or p- to the -CH=N- group of salicylidene-o- 
aminophenol have been described,3 and the effects of 
the substituent groups on the fluorescence properties 
of their metal complexes reported. 

Oxidations of Schiffs bases have been used as 
indicator reactions in oxido-reduction catalysis, 
especially when the reaction rate is determined 
by means of fluorimetric measurements. Kinetic 
fluorimetric methods for determination of traces of 
copper( mercury(I1) and platinum(IV), based on 
their catalytic effects on aerial oxidation of 
2,2’-dipyridyl ketone hydrazone have been de- 
scribed.4*5 Titanium has been determined by a similar 
procedure involving oxidation of picolinaldehyde 
nicotinoylhydrazone.6 A kinetic determination of 
traces of copper(I1) by its catalytic effect on the 
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oxidation of 4,4’-dihydroxybenzophenone thio- 
semicarbazone by hydrogen peroxide has been estab- 
lished.’ Recently, a kinetic fluorimetric determination 
of nanogram amounts of manganese, based on its 
catalysis of the oxidation of 2-hydroxybenzaldehyde 
thiosemicarbazone with hydrogen peroxide has been 
described.8 

In this paper, the fluorescence properties of the 
following compounds derived from 3-hydroxy- 
pyridine-Zaldehyde, as well as their metal chel- 
ates, have been studied: 3-hydroxypyridine-2-ald- 
oxime (I), 3-hydroxypyridinaldehyde thiosemicar- 
bazone, 3-OH-PAT (II), and 3_hydroxypyridinalde- 
hyde azine, 3-OH-PAA (III). Results are compared 
with those for pyridine-2-aldehyde 2-pyridylhy- 
drazone (IV). These compounds have been used 
previously in the photometric determination of di- 
verse metal ions, and their physicochemical proper- 
ties described.“’ Compound IV has been used by us 
in the fluorimetric determination of aluminium.12 

EXPERIMENTAL 

Apparatus 

Fluorescence measurements were made with a Perkin- 
Elmer 204 spectrofluorimeter, equipped with a xenon-lamp 
source and an Ultrathermostat Colora K-5, and l.O-cm 
quartz cells. Fluorescence curves were corrected with a 
standard solution of quinine sulphate. 



30 J. VAZQUEZ RUIZ et al. 

Synthesis of reagents RESULTS AND DISCUSSION 
These were synthesized as previously described9-” and 

identified by elemental analysis, melting point, and infrared 
and NMR spectroscopy. 

Fluorescence of Sch$‘s bases and of their metal 
complexes 

Reagents and solutions 

All reagents were used as lo-‘M solutions in ethanol. 
More dilute solutions were prepared as required from these 
solutions, which were stable for at least 1 week. All solvents 
and reagents were of analytical grade. Buffer solutions (pH 
9.3 and 9.7) were prepared from 2M ammonium chloride 
and 2M ammonia solutions (pH 9.7: 214 ml of NH&l 
solution and 586 ml of NH, solution, diluted to 1 litre; pH 
9.3: 382 ml of NH,Cl solutions and 418 ml of NH, solution, 
diluted to 1 litre). 

The fluorescence of the four Schilf’s bases studied 
is quite different. Compound I is the most fluorescent, 
and the fluorescence of III is very small. Comparative 
values of the quantum yields of these compounds, in 
two different media (ethanol-water 1:4 and ethanol- 
dimethylformamide 1:4) are shown in Table 1, as 
well as the wavelengths of maximum excitation and 
fluorescence. 

Measurement of Jluorescence quantum yields 

The procedure described by Parker et al.‘j was used. It is 
based on the integrated area (F) under the fluorescence 
emission spectrum being proportional to the total intensity 
of the fluorescence emitted by the solution, this in turn being 
proportional to the product I&cd, where 1, is the excitation 
intensity, $J the quantum yield, E the molar absorptivity, c 
the concentration and d the path-length. If the fluorescence 
emission spectra of two solutions are measured with the 
same apparatus and the same excitation intensity, the ratio 
of the two fluorescence intensities is given by 

The influence of pH on the fluorescence intensity of 
these compounds in ethanol-water media was 
studied: II shows appreciable fluorescence in basic 
medium, and I only in weakly acidic medium; IV 
fluoresces in acidic and basic media, but the spectra 
are different.12 Variation of fluorescence intensity 
with time was investigated for media of different 
ethanol concentrations. The most suitable concen- 
trations were 30-40x for II and 35-50x for III. 

The fluorescence properties of the metal complexes 
formed by I, II and III were investigated. Complexes 
formed by I and III with metal ions have similar 
fluorescence properties to the ligands themselves, so 
they are not analytically useful. II forms a fluorescent 
complex only with zinc (&,,, 460 nm, & 520 nm); a 
detailed pH study showed that this complex has its 
highest fluorescence intensity at pH 9.5-11.5. The 
stoichiometry of the zinc-II complex was determined 
by Job’s method (with fluorimetric measurement), 
and found to be 1: 3 Zn-ligand. Unfortunately, the 
poor sensitivity of this reaction and the effect of 
foreign ions preclude its use in fluorimetric analysis. 

where a, and A, are the absorbances of the two solutions. 
If one of the substances chosen has a known 4, the other 
4 value can be calculated very easily. In practice, quinine 
sulphate (4 = 0.55) is used, and the areas under the curves 
of the corrected spectra, as well as the absorbances, are 
measured. 

Kinetic determination of manganese with 3-OH-PAT 

In a 25-ml standard flask, 2.5 ml of lo-‘M 3-OH-PAT 
solution in ethanol, and 3.5 ml of 0.1% hydrogen peroxide 
were mixed, and made up to volume with ammonia buffer 
(PH 9.7). Then 3.0 ml of this solution were placed in the 
quartz spectrofluorimeter cell and when the required tem- 
perature (25”) was reached, 50 ~1 of Mn(I1) solution were 
injected from a microsyringe. The fluorescence intensity @,, 
370 nm, 1,430 nm) was measured and its variation plotted 
vs. time. 

Kinetic determination of manganese with 3-OH-PAA 

In a 25-ml standard flask, 3.5 ml of dimethylformamide, 
2 ml of 0.5% hydrogen peroxide solution and 3.5 ml of 
10-3M 3-OH-PAA solution were mixed in that order and 
made up to volume with ammonia buffer (pH 9.3). Then 3.0 
ml of this solution were placed in the quartz 
spectrofluorimeter cell, and when the required temperature 
was reached, 50 ~1 of Mn(I1) solution were injected from a 
microsyringe. The fluorescence intensity (n,, 325 nm, 3, 390 
nm) was measured, starting 2.0 min after addition of the 
manganese, and plotted us. time. 

Oxidation of 3-OH-PAT with hydrogen peroxide 

Only compounds II (3-OH-PAT) and III 
(3-OH-PAA) can be oxidized easily by hydrogen 
peroxide to give fluorescent compounds. 3-OH-PAT 
exhibits a green fluorescence in basic medium but, in 
the presence of hydrogen peroxide, the fluorescence 
changes slowly, probably owing to formation of a 
new compound; this compound shows an excitation 
band at 370 nm, and a fluorescence band at 430 nm. 

Catalytic effects of metal ions on this reaction were 
investigated. The reaction rate increases appreciably 
in the presence of traces of manganese(II), but only 
in ammoniacal media, so a systematic study was 

Table 1. Values of quantum yields of fluorescence 

Ethanol-dimethylfonnamide 
Ethanol-water (1: 4) (1:4) 

Compound b,,/& nm 4 &i&, nm 4 

I 3801435 0.93 
II 4101460 0.01 4101475 0.55 
III - 4651540 10-d 
IV 4351470 0.02 3701440 0.02 
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Fig. I. Influence of experimental variables on the oxidation of 3-OH-PAT catalysed by Mn(I1). (a) 
Variation of the initial reaction-rate with temperature. (b) Influence of the concentration of 3-OH-PAT, 
(c) Influence of the concentration of H,O,. (d) Influence of pH. (Concentration of manganese: 50 ng/ml 

in all cases). 

made, to determine the experimental variables 
involved in the oxidation of 3-OH-PAT. 

Temperatures. The influence of temperature on the 
initial rate was determined and the results are plotted 
in Fig. l(a). The range 20-25”, in which, apparently, 
the reaction rate obtained by fluorescence measure- 
ments remains unaltered, is the most convenient. 

Reagent concentration. Results are shown in Fig. 
l(b). As may be observed, the reaction order is zero 
with regard to the reagent for the interval 
0.8-1.2 x 10m4M. A 10-4M concentration of 3-OH- 
PAT was chosen to establish the determination con- 
ditions. 

Hydrogen peroxide concentration. Samples were 
prepared in 25-ml standard flasks with different vol- 
umes of 0.1% hydrogen peroxide solution [Fig. l(c)]. 
The reaction rate remains unaltered if the volume 
added is 23 ml, so the optimum concentration of 
Hz02 is 23.5 x 10e3M. 

PH. Results of the optimization of pH are given in 
Fig. l(d). The optimum pH (minimum reaction 

I. 

I 

0 

E c 

(a) (b) 

I 3 

order) was found to be 9.GlO.O (ammonia buffer). 
For this reason, this pH interval was chosen for the 
present study. Other buffers are not adequate for the 
purpose. 

Oxidation of 3-OH-PAA 

3-OH-PAA exhibits a very weak fluorescence in 
solution (see Table 1). However, in the presence of 
hydrogen peroxide, a new product (much more 
fluorescent; &, 325, In 390 nm) is formed very slowly. 
When traces of manganese(I1) are present, in ammo- 
niacal media, the reaction rate increases, owing to the 
catalytic action of this metal ion. A study of the 
variables involved in this oxidation was made in the 
same way as for 3-OH-PAT. 

The results obtained on the influence of tem- 
perature, reagent concentration, oxidant concen- 
tration and pH are plotted in Fig. 2. The optimal 
values found are 1.2-1.6 x 10T6M 3-OH-PAA; 
0.5-3.5 ml of 0.5% H,Oz solution; temperature 
30-40”; pH 9.4 (ammonia buffer). 

(cl 

n ,. 

I I I 
I 2 3 

Temperature (” C 1 C3-OH-PAAI(Mx10-S) H202(0.5%Nml) 

(dl 

‘,h, 

a 9 IO II 
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Fig. 2. Influence of experimental variables on the oxidation of 3-OH-PAA catalysed by Mn(II). (a) 
Variation of the initial reaction-rate with temperature. (b) Variation of the initial rate with concentration 
of 3-OH-PAA. (c) Influence of the concentration of H,O,. (d) Influence of pH. (Concentration of 

manganese: 0.9 pg/ml in all cases). 
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Table 2. Interference levels of foreign ions in the determination of manganese 
with 3-OH-PAT 

Tolerance ratio 
ion/Mn(II), w/w Foreign ions 

100 Alkali and alkaline-earth metals 
60 SCN- 
40 Al(III), Pb(II), Sn(II), F- 
20 Ga(III), Pd(II), CN- 
10 Ag(I), Bi(III), V(V), Os(IV), C,O$- 
5 Mo(V1) 

2.5 Ni(II), Co(II), Cu(II), Cr(III), Sb(III), Zn(II), Cd(I1) 
0.5 Fe(II1) 

Table 3. Interference levels of foreign ions on the determination of manganese 
with 3-OH-PAA 

Tolerance ratio 
ion/Mn(II), w/w 

100 
SO 
30 
25 
15 
3 
2 

1 

Foreign ions 

Alkali metals 
SCN- 
Ca(II), Mg(II), Ba(II), F- 
Pb(II), CN- 
Al(III), W(VI), C,O:- 
Mo(VI), Os(IV) 
Bi(III), Sn(II), Sb(III), Ga(III), In(III), 
Tl(I), Zr(IV), La(II1) 
V(V), Ag(I), Cr(II1) 

Nature of oxidation products Kinetic determination of manganese with 3-OH-PAA 

Oxidation of 3-OH-PAT must be similar to the The fixed-time method is the most convenient in 
oxidation of salicylaldehyde thiosemicarbazone’ by this case, and was used in all determinations. In this 
hydrogen peroxide, and the corresponding semi- method, a set time of 2 min is recommended; the 
carbazone is probably formed. 3-Hydroxypicolin- calibration curve is linear for Mn(I1) concentrations 
aldehyde semicarbazone has been synthesized by us, from 0.4 to 0.9 ppm. The error is +2.0x (P = 0.05; 
and exhibits a fluorescence spectrum similar to the n = 11). 
oxidation product of 3-OH-PAT (&,, 370, & Interferences in this method are given in Table 3 
430 nm). and show that the tolerance levels for anions are 

On the other hand, the oxidation product of similar in both methods. 
3-OH-PAA is probably 3-hydroxypyridine-2-car- 
boxylic acid. Attempts were made to obtain this 
compound, but its high solubility made its isolation 
impossible. However, we have oxidized with hydro- 
gen peroxide a similar compound, pyridine-Z 
aldehyde azine, and have isolated easily the copper 
salt of the pyridine-2-carboxylic acid formed. Ele- 
mental analysis confirmed its nature (found: C 46.4x, 
H 2.8x, N 9.5%; calculated for C,,H,O,N,Cu: 
C 46.82x, H 2.68x, N 9.11%). 

Kinetic determination of manganese with 3-OH-PAT 

The initial-rate method was used in all deter- 
minations. The calibration curve was linear for the 
manganese concentration range between 5 and 50 
ng/ml. The error was f 3.0% (P = 0.05; n = 11). The 
interferences are given in Table 2. The interference of 
iron(II1) was severe, but addition of small amounts of 
fluoride (0.5-1.0 ppm) made possible the deter- 
mination of manganese in presence of a 5-fold 
amount of iron. Nitrate, chloride, sulphate and 
perchlorate, up to at least 100 ppm, do not interfere, 

1. 
2. 

3. 
4. 

5. 

10. 

11. 

12. 

13. 
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SPECTROPHOTOMETRIC DETERMINATION OF CARBON 
MONOXIDE WITH RUTHENIUM(I1) 

OCTAETHYLPORPHYRIN 
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Department of Chemistry, McMaster University, Hamilton, Ontario, Canada 

(Received 19 April 1982. Revised 5 August 1983. Accepted 17 August 1983) 

Summary-A novel spectrophotometric method for the estimation of carbon monoxide at levels from 2 
to 250 ppm is presented. The method is empirical and based on formation of a carbonyl complex of 
ruthenium(I1) octaethylporphyrin and measurement of the difference in absorbance at 393.5 nm between 
this complex and the porphyrin reagent. Oxygen and nitrogen do not interfere and up to 300 ppm of 
sulphur dioxide and about 1500 ppm of carbon dioxide can be tolerated in determination of carbon 
monoxide at the 4 and 10 ppm levels. Hydrogen sulphide interferes and must be removed before the 
determination. The method has been tested over the range 2-45 ppm of carbon monoxide with 16 synthetic 
and 2 commercial standard air samples. The average error was + 3%. Application to urban-air samples 
and car-exhaust gases yielded acceptable results. The main disadvantages are the tedious preparation of 
the initial ruthenium(III)-porphyrin compound and the decomposition of the reagent in the presence of 
hydrazine. 

Synthetic porphyrins are being increasingly used as 
spectrophotometric reagents for the determination of 
metal ions at trace levels.‘-4 Less familiar is the use of 
metalloporphyrins as selective reagents for gases, 
especially carbon monoxide. This idea is due to Adler 
et al.’ and the first study, which involved the evalu- 

ation of the dipiperidine complex of iron(I1) meso- 

tetraphenylporphyrin, Fe(II)TPP(pip),, for the deter- 
mination of CO, was reported shortly thereafter.6 It 
was demonstrated that at room temperature, neither 
oxygen nor nitrogen reacted with Fe(II)TPP(pip), in 
1M piperidine and that irreversible air oxidation of 
Fe(II)TPP(pip), to the p-oxo-dimer was tolerably 
slow. The serious drawback was the poor limit of 
detection, about 300 ppm. Subsequent attempts to 
improve this limit by replacing piperidine as axial 
ligand by either sterically-hindered bases or pyridine 
were not successful.6 

There have recently been several reports on the 
formation of stable carbonyl complexes of ruthe- 

nium(I1) porphyrins.7e’4 The CO ligand is not only 
more inert to displacement but also more strongly 
bound than in the corresponding iron(I1) por- 
phyrins. 13,14 Indeed, Ru(II)TPP(aniline), has been 
shown to remove carbon monoxide from acetic anhy- 
dride to form Ru(II)TPP(CO).” Also, the affinity of 
Ru(II)OEP (OEP = octaethylporphyrin) for CO has 
been demonstrated by its ability to strip CO from the 
surface of fused quartz.‘j This CO could not be fully 
removed by baking under reduced pressure or by 
other chemical agents. 

*Present address: Ontario Hydro, Toronto, Ontario, 
Canada. 

Et Et 

Et Et 

The high affinity of ruthenium(I1) porphyrins for 
CO suggested to us that they might be more sensitive 
reagents than iron(I1) porphyrins for CO. Thus, a 
study of Ru(II)OEP as a spectrophotometric reagent 
for CO was undertaken. The structure is shown 
above. Although the reaction between the Ru(I1) 
porphyrin and CO is incomplete, the results of this 
study show that this empirical method is still suitable 
for the determination of CO in two separate ranges, 
2-25 and 25250 ppm v/v. COZ, SO?, OX, N, and a few 
organic species tested do not interfere, even when 
present in large amounts. H$ is an interferent and 

its prior removal from air samples is required. De- 
composition of the Ru(II)OEP reagent occurs but the 
effects of this can be minimized by making the 
absorbance measurements at specified times. 

Reagents 

EXPERIMENTAL 

Ru,(CO),, and OEP were obtained from the Strem Chem- 
ical Co. Hydrazine (> 95% purity, Kodak) was used fresh, 
several small ampoules being filled, sealed and refrigerated, 
and opened as required. CO from small cylinders was used 
to prepare air samples containing CO. Cylinders of primary- 
standard CO samples in air, with nominal values of 9.9 and 
45 ppm v/v, were supplied by Matheson (Whitby, Canada). 

33 
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All other reagents used were of sufficient purity for the 
purpose intended. 

The principal reagent for the determination is 
K[Ru(III)OEP(CN),]. The synthesis of this and of the 
intermediate compounds Ru(II)OEP(CO)(CH,OH) and 
Ru(II)OEP(py), (py = pyridine) has been described 
previously.i5 

Apparatus 
The gas-line assembly for preparing air samples with 

various CO contents was essentially that used earlier.6 Test 
mixtures of known amounts of CO in air were prepared (on 
a volume/volume basis) in a 2-litre gas-mixing flask as 
before, except that the “Ascarite” tube was not necessary. 
The mixture in the 2-litre flask was diluted by filling a 
second 2-litre flask with air to 1 atm pressure, withdrawing 
a calculated volume of the air through the side septum port 
with a gas-tight syringe, and replacing it with an equal 
volume of the initial stock mixture. At least 15 min were 
allowed for equilibration of the gas mixture in the second 
flask before samples were withdrawn from it. 

All spectrophotometric measurements were made with a 
GCA McPherson double-beam spectrophotometer, Model 
EU-700, against methanol or distilled and demineralized 
water as reference. Stoppered 5-cm matched quartz cells 
(Helma) were used. About 4.5 ml of solution is stdlicient to 
fill a cell. “Pressure-1ok” IO-ml gas-tight syringes (Pierce 
Chemical Co.) were used to withdraw CO gas-samples from 
the 2-litre mixing flask and also as the reaction vessel for the 
subsequent interaction with the Ru(I1) porphyrin. The 
contents of the syringes were agitated with a wrist-action 
shaker (Burrell). 

A portable CO analyser (ECOLYZER, Energetics Sci- 
ence, Inc., Elmsford, New York) was used for measurement 
of the CO content in urban-air samples and in car-exhaust 
gases. These measurements were made to provide a con- 
venient, albeit only semi-quantitative, comparison with re- 
sults obtained by the Ru(II)OEP procedure. 

Procedure 
The following procedure was used to obtain the cali- 

bration graph for 25 ppm CO (maximum) and to test 
samples for CO content: Exactly 0.500 ml of a 5.0 x 10m5M 
stock solution of KIRu(III)OEP(CN),l in methanol was 
delivered into a 10:ml ‘standard flalk with a Gilmont 
micropipette, followed by addition of about 5 ml of meth- 
anol. Because the procedure requires critical time control for 
accurate results, a timetable was scheduled. At time zero, 
20 ~1 of hydrazine (r95%) were transferred to a lo-ml 
standard flask with an Eppendorf pipette and diluted to the 
mark with methanol. Two min later, 1 ml of this hvdrazine 
solution was pipetted into the lo-ml flask containing the 
KlRu(III)OEP(CN),1 followed bv dilution with methanol to . \ , \ ,,.* 
the mark. This was the reagent solution (final concentration 
of Ru porphyrin, 2.5 x 10m6M; of hydrazine, 6.3 x lo-‘M). 
Five ml of this were withdrawn into a lo-ml “Pressure-1ok” 
syringe (sample syringe) and the remaining 5 ml were placed 
in a second “Pressure-1ok” syringe for later measurement to 
provide a correction for reagent absorbance. At 7 min 
elapsed time, the CO sample (5 ml) was introduced into the 
syringe through the needle in such a manner that it bubbled 
through the reagent solution. (The CO sample was drawn 
into the syringe through the septum of the 2-litre flask, the 
needle being allowed to remain in the bulb atmosphere for 
2 min before the syringe valve was closed). Both syringes 
were then mounted on the shaker and agitated at speed 7 
for 45 min. The solutions were then placed in 5-cm quartz 
cells and 6 min after completion of the shaking the absorb- 
ance of the sample at 393.5 nm was recorded (58 min total 
elapsed time). The absorbance of the reagent was measured 
2 min later. 

For calibration graphs and samples in the 25-250 ppm 
range, the procedure was the same except that 1.00 ml of 

K[Ru(III)OEP(CN),] was taken, 20 ~1 of > 95% hydrazine 
were added, the CO was introduced at an elapsed time of 
2 or 5 min and shaking was conducted for 5, 15 or 45 min. 
The absorbances were taken at 11, 28 or 58 min after time 
zero. 

Cleaning of apparatus 
The quartz cells, syringes and 2-litre flasks can be cleaned 

adequately by thorough rinsing with methanol. Tests for 
possible contamination with CO through surface adsorption 
were performed with the Ru(II)OEP reagent as described 
earlieri and no memory effects were found. The occurrence 
of contamination in the previous study” was the result of 
exposure of the surfaces to undiluted CO gas in the absence 
of Ru(II)OEP reagent. In the present work, dilute mixtures 
of CO with air were used and the Ru(II)OEP reagent was 
present. CO has a higher affinity for the reagent than for 
glass or quartz surfaces. 

RESULTS AND DISCUSSION 

Solution species and spectra 

The spectrum of K[Ru(III)OEP(CN),] has been 
reported previously.‘5 The Soret band at 390 nm and 
the broad less intense absorption band at about 
48&560 nm are characteristic of Ru(II1) por- 
phyrins.“~‘2 The addition of hydrazine to 
K[Ru(III)OEP(CN),] effects reduction to Ru(I1). The 
Soret band is shifted to 394 nm, with a shoulder at 
403 nm [curve (a), Fig. 11. The 394 nm band (and 
bands at 498 and 526 nm, not shown in Fig. 1) are 
typical of Ru(II) porphyrins. Other reductants such 
as sodium dithionite, sodium borohydride and piper- 
idine were not as effective as hydrazine. 

Curve (b) shows the Soret band (393.5 nm) after 
the solution yielding curve (a) has been agitated for 
45 min with an air sample containing 20 ppm CO. If 
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Fig. 1. Spectrum of Ru(II)OEP(L), taken 2 min after 
addition of hydrazine (6.3 x 10-‘&f) to K[Ru(III)OEP- 
(CN),] (2.5 x 10m6M), curve (a); after 45-min contact with 
air-sample containing 20 ppm CO, curve (b); reagent solu- 

tion from (a) after 58 min, curve (c). 



Determination of carbon monoxide 35 

the reagent solution that yields curve (a) is not 
contacted with CO but is merely allowed to stand, the 
absorbance at 394 nm decreases with time. Curve (c) 
shows the spectrum of the reagent solution after 
an elapsed time of 58 min. The decrease relative to 
curve (a), is the result of decomposition of the 
Ru(II)OEP(L), complex (L = axial ligand) in the 
presence of a large excess of hydrazine. Evidence that 
the ligand L is hydrazine has been presented in an 
earlier studyI but is not conclusive. Other ligands are 
possible. For example, the action of hydrazine on 
aqueous RuCl, solutions is known to produce 
[Ru(NH,),(N,)]Cl,. The nitrogen molecule can be 
replaced by a water molecule and either can be 
readily displaced by C0.16 Thus, the action of excess 
of hydrazine on K[Ru(III)OEP(CN),] could produce 
Ru(II)OEP(L), or Ru(II)OEP(L)(L’) in which L and 
L’ can be NH,, N,H,, CN-, CH,OH or H,O. A 
nitrogen molecule is a less likely ligand.r3 Attempts to 
isolate and to characterize this complex were un- 
successful and were hindered by its decomposition. 
The decomposition itself appears to involve 
fragmentation of the porphyrin ring system; after 
2 hr, the characteristic porphyrin bands in the Soret 
and visible regions are greatly reduced in inten- 
sity. In contrast to Ru(II)OEP(L),, the complex 
Ru(II)OEP(CO)(L) is stable indefinitely [curve (b)]. 

Calibration graphs and decomposition of the reagent 

This procedure for the determination of CO in- 
volves measurement of the difference in absorbance 
at 393.5 nm between curve (b) and curve (c) in Fig. 
1 (AA,,,,,). When the reagent solution is contacted 
with CO, two processes occur simultaneously: (i) the 
CO complex is formed, and (ii) the excess of reagent 
not bound to CO undergoes decomposition. The 
absorbance of the solution containing CO is at all 
times greater than that of the reagent solution 
(Fig. 2). Curve (a) depicts the decomposition of 
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Fig. 2. Decay of absorbance of Ru(II)OEP(L), 
(2.5 x 10e6M) in the presence of hydra&e (6.3 x IO-‘M), 
curve (a); absorbance of identical solution (5 ml) in presence 
of an air-sample (5 ml) containing 16.5 ppm CO, curve (b). 

Ru(II)OEP(L),; the decomposition is complex and 
the products of the reaction are not known. In the 
presence of CO [curve (b)], a maximum in absorbance 
is reached after about 15 min, indicating that the 
formation of the carbonyl complex is sufficiently fast 
to cause an overall increase in absorbance at 
393.5nm. Beyond the maximum, the formation of 
the carbonyl complex is slower and the absorbance 
decreases, being dominated by reagent decom- 
position. After about 55-60 min, AA393,5 becomes 
essentially constant. It is reasonable to assume that 
after this period, the reaction with CO is relatively 
slow and that the shape of both curves is determined 
mainly by the slow decomposition of the reagent. In 
the analytical application to 2-25 ppm CO, absorb- 
ance measurements were made after 58 min total 
elapsed time. It was necessary to use fresh hydrazine 
each time to obtain satisfactory reproducibility. The 
reagent concentration (2.5 x 10m6M) represents 
about a 1.5-fold excess relative to 25 ppm CO. 
However, because only 70% of the Ru(II1) compound 
is reduced under these conditions, and because of 
reagent decomposition, the effective concentration is 
obviously lower. The calibration graph obtained (9 
points, each in triplicate) was linear up to 25 ppm CO 
(slope = 0.0122 absorbance per ppm CO; 
intercept = -0.0043 absorbance). Curvature began 
at 30 ppm. Each point of the calibration curve was 
corrected for the fact that the absorbance of the 
reagent solution was measured 2 min after the ab- 
sorbance of the CO complex. In a separate experi- 
ment, the additional decay in reagent absorbance in 
this 2-min period was found to be 0.004 _+ 0.002. This 
amount was added to the reagent absorbance at 60 
min and the sum subtracted from the sample absorb- 
ance to give AA,,,,. 

For the range 25-250 ppm CO, the reagent concen- 
tration was increased to 5.0 x 10m6M and the hy- 
drazine concentration to 6.3 x 10e2M. The Ru(II1) 
complex is quantitatively reduced by this concen- 
tration of hydrazine. As in Fig. 2, the reagent solution 
plus CO always has a greater absorbance at 393.5 nm 
than the reagent solution alone. However, AA,,,,, is 
not constant after about 60 min; for example, at 100 

ppm CO, A&,., = 0.16, 0.24, 0.29 and 0.34 after 30, 
45, 60 and 80 min, respectively. Only after lo&l20 
min does AA,,,, become reasonably constant. Be- 
cause such a long period reduces the attractiveness of 
an analytical method, it was decided to investigate the 
suitability of calibration with shorter reaction times, 
for the 25-250 ppm range. Agitation intervals of 5, 15 
and 45 min were used, with absorbance measurement 
at 11,28 and 58 min, respectively. Measurement of the 
reagent solutions 2 min later led to corrections of 
0.009, 0.013 and 0.022, respectively. The correspond- 
ing calibration graphs are given in Fig. 3. The 
calibration graph for the 5-min period [curve (a)] is 
unsuitable because it lacks sensitivity and is very 
error-prone. As expected, the curve (c) for the 45-min 
period is the most sensitive, but the linear range is 
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Fig. 3. AA,,,,, us. CO concentration (25-250 ppm v/v) for 
Ru(II)OEP(L), = 5.0 x 10-6M. and hvdrazine = 6.3 x 
10-2ti, as a function of agitation (“reaction”) time: 5 min, 
curve (a); 15 min, curve (b); 45 min, curve (c). All data 

points were obtained in triplicate. 

more limited (25-150 ppm). The 15min period [curve 
(b)] is favourable since it yields reasonably large 
AA 3935 values and gives a wide linear working range 
(25-250 ppm). Accordingly, for the 25-250 ppm 
range, a 15-min agitation period was used and ab- 
sorbance measurements of the samples were made 
after 28 min elapsed time. 

The curvature in curves (b) and (c) (Fig. 3) results 
from a combination of at least two factors: (i) 
subtraction of the reagent absorbance to obtain 
AA,,,,, provides an excessive correction, particularly 
at the higher CO concentrations in both ranges, 
where consumption of the reagent by CO is greatest, 
and (ii) the effect of reagent decay is most sensitive 

at the higher CO concentrations. Although a cor- 
rection for the first factor can readily be made by 
iterative calculation, it leads to little change in the 
result obtained for CO and so is not worthwhile. 

For calibration curve (b), the amount of reagent 
present is at most only about that stoichiometrically 
required for 125 ppm of CO, yet the calibration curve 
is linear up to about 250 ppm. This is because only 
a fraction of the 250 ppm of CO has reacted by the 
end of the reaction period. The amount of CO that 
has reacted depends on several factors: the solubility 
of CO in methanol, the rate of CO transfer from the 
gas to the solution phase, the rate of reaction with the 
reagent, the concentration of reagent and of hy- 
drazine, and the equilibrium constant for the 
carbonylation reaction. Furthermore, the system can- 
not have reached overall equilibrium as absorbance 
changes still occur even after 1 hr. In spite of this, if 

Table 1. Determination of carbon monoxide in syn- 
thetic air-samples and in primary-standard samples 

CO in sample, CO found, 
ppm (v/v) ppm (v/v) 

2.0 1.9 
2.0 2.2 
4.0 3.9 
4.3 4.6 
5.9 5.8 
6.3 6.3 
8.1 8.2 
8.2 8.4 

10.0 10.2 
10.3 10.2 
13.7 13.3 
13.7 13.0 
16.5 16.4 
16.3 16.4 
19.7 19.7 
20.3 20.3 

9.9* 10.1 f 0.3 
45* 45 f 2 

*Commercial primary-standard samples. The results 
quoted are the average and standard deviation of 
10 and 9 determinations for the 9.9 and 45 ppm 
samples, respectively. 

the conditions are rigorously controlled the system 
yields reliable data for the determination of CO, as 
shown below. In effect, the method is a fixed-time 
kinetic method of analysis. 

Analytical application and interferences 

The calibration curves proved reliable in testing 16 
synthetic air-samples and two commercial primary- 
standard samples for CO (Table 1). The average error 
was 3%; the largest error was 6%. Duplicate results 
for the determination of CO in urban air-samples and 
car-exhaust gases are presented in Table 2. The 
readings obtained from the portable CO analyser can 
be regarded only as semi-quantitative; nevertheless, 
they lend support to the validity of the spec- 
trophotometric method. 

Calculation of the detection limit as defined by 
Kaiser” is questionable for this method, as the 
determination of a conventional blank correction is 
not straightforward. Because the noise level of the 
instrument for low signals corresponds to an absorb- 
ance no greater than 0.003 and measurement of 
small AA,,,,, values with good precision has been 

Table 2. Determination of carbon monoxide in urban 
air-samples and in car-exhaust gases 

CO detector reading, ppm (v/v) CO found, ppm* (v/v) 

&6* 5.0,4.8 
5-7* 5.1,4.9 

15520* 19.8, 18.3 
100 * 20t 91,95 
170*20t 183, 167 

*Air-samples, collected in central Hamilton; CO detector 
readings were made at the time of collection. 

War-exhaust samples, collected in a garage, the first repre- 
senting a shorter time of engine running; CO detector 
readings were made at the time of collection. 

,I 
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Table 3. Determination of carbon monoxide in synthetic air-samples containing 
potentially interfering gases 

Cont. taken, CO taken, CO found,* Recovery of CO, 
Gas PPW (v/v) PPm (v/v) PPm (v/v) % 

so, 300 4.1,4.3 4.2,4.4 102 
298 10.2, 10.3 10.0, 10.5 100 

CO, 1565 4.1,4.3 4.2,4.4 102 
1572 10.1, 10.2 9.5,9.8 95 

W 197 4.1 7.8 190 
197 10.3 13.4 130 

Ethane 6900 4.1 4.4,4.1 104 
trans-ZButene 5700 4.1 3.8,4.0 95 
Freon- 114 4670 4.1 3.8. 3.9 93 

*By iterative procedure. 

demonstrated (e.g., 0.004 f 0.002), a conservative 
estimate for the lower limit for AA,,,,, would be 0.0 1. 
This value gives a detection limit of 1 ppm CO for the 
low-concentration calibration. Experimentally, for 2 
ppm, AA393,5 is 0.021. By contrast, for the 25-250 ppm 
range, 25 ppm gives AA,,,,, = 0.032, yielding a lower 
limit of application of about 8 ppm. 

Ru(II)OEP is known to bind O2 and NO.‘2,‘3 There 
is some doubt as to the existence of nitrogen com- 
plexes of Ru(I1) porphyrinsi Under the conditions 
of the present study, O2 and Nz do not bind to 
Ru(II)OEP but NO does and could cause inter- 
ference. Because the background level of NO in air is 
only 0.0002-0.002 ppm,‘* this interference is not a 
serious problem. SO2 and CO, in large excess do not 
interfere, but H,S causes serious error (Table 3). 
Smaller amounts of H,S result in less serious error. 
If the presence of HIS is suspected, it should be 
removed prior to reaction of the sample with the 
reagent.6 The interference by H,S is not surprising, as 
alkanethiolate anions (RF ) are reported to react 
with Ru(II)OEP(CO) at the metal centre.” Only a 
few simple hydrocarbons and halocarbons were 
tested and found not to have an effect at high 
concentration (Table 3). Formaldehyde at concen- 
trations greater than 400 ppm caused oxidation to 
Ru(II1). Cyclohexane (8000 ppm) and benzaldehyde 
(1000 ppm) added as liquids to the reagent solution 
did not interfere. 

Limitations and advantages 

The Ru(II)OEP method has two serious draw- 
backs. First, the preparation of K[Ru(III)OEP(CN),] 
is very tedious.15 Secondly, the Ru(II)OEP(L), com- 
plexes are unstable in the presence of hydrazine. The 
possibility of synthesizing a stable, solid Ru(II)OEP 
complex (with appropriate axial ligands) that can be 
stored in a bottle and is sensitive to carbonylation is 
being pursued. In this regard, it is interesting that a 
methanolic solution of K[Ru(III)OEP(CN),] reacts 
directly with CO to yield Ru(II)OEP(CO)CH,OH. 
Chow and Cohen” have reported a similar obser- 
vation with K[Ru(III)TPP(CN),], but the reaction 
proceeds only at high CO concentrations and con- 
sequently the sensitivity for CO would be low. Other- 
wise, such a system would be superior to the system 

described here, on account of the stability of Ru(II1) 
compounds. 

A less serious disadvantage is the fact that only a 
fraction of the CO in the sample has reacted by the 
time the measurement is made. As mentioned earlier, 
several factors affect the rate and extent of reaction, 
the solubility of CO in the solvent being one. The 
solubility of CO is 6 and 10 times greater in 
perlluorobenzene and perfluoro-n-heptane, re- 
spectively, than in methanol” but unfortunately, 
K[Ru(III)OEP(CN),] is insoluble in both solvents. A 
solid Ru(II)OEP(L), complex might be sufficiently 
soluble, however. 

Calorimetric methods for the determination of CO 
date back more than 50 years2’ but are still gaining 
importance.**-*’ The major drawbacks of most such 
methods include insufficient sensitivity, long reaction 
time and large sample size. The limit of detection is 
usually 10 ppm or higher, although in one paper** the 
detection limit is reported to be 2 ppm. However, this 
could be achieved only at the expense of using a large 
sample size (125 ml) and a long reaction time (2 hr). 
In general, sample sizes range from 50 to 250 ml, and 
the average reaction time is 2 hr. Compared to the 
p-sulphaminobenzoic acid method, which has been 
adopted as a tentative** and a standard method,27 the 
Ru(II)OEP method requires a shorter time (28 or 58 
min, against 2 hr) and a smaller sample (5 ml against 
125 ml) and yields at least as favourable a detection 
limit. It also appears to be less prone to inter- 
ferences.24 

CONCLUSION 

The Ru(II)OEP(L), system represents a significant 
improvement over the Fe(II)TPP(pip), system6 for 
the determination of CO and has advantages over 
other spectrophotometric and calorimetric pro- 
cedures. The time-consuming preparation of 
K[Ru(III)OEP(CN),] and the instability of the 
Ru(II)OEP(L), reagent solution are limitations, how- 
ever, and for good reproducibility the conditions 
require to be rigorously observed. 
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Summary-The determination of traces of bromide by molecular absorption spectrometry (MAS) of AlBr 
(with electrothermal volatilization) is described. It is possible to determine 25 ng of bromide. Many 
problems are caused by various matrices, so an extraction method for separation (and also precon- 
centration) was developed. The combination of bromide extraction with triphenyltin hydroxide, stripping 
with 0.025M barium hydroxide and determination of the extracted bromide by MAS of AlBr (after 
addition of aluminium ions) gives a very sensitive and selective method for determination of traces of 
bromide in micro or macro samples, in the presence of large amounts of other species, including chloride 
and iodide. 

Determination of traces of bromide, especially in 
samples of complex composition, is a difficult prac- 
tical problem.’ Sensitive determination of bromide is 
possible by applying molecular absorption spec- 
trometry (MAS) to thermally stable diatomic 
bromide-containing molecules,24 such as GaBr, 
InBr,3,5 TlBr,3 AlBr4 generated by volatilization in a 
graphite furnace. The technique is similar to atomic- 
absorption spectrometry by electrothermal atom- 
ization. A disadvantage of MAS as an analytical 
method is the significant interference effect of the 
matrix on the molecular absorption signals and the 
background. It is expedient, therefore, to combine 
MAS of Br-containing molecules with a suitable 
method of separation of bromide ions from other 
components. 

Because solutions are used as samples in MAS it is 
convenient to combine MAS with liquid-liquid ex- 
traction separation,6 which also offers possibilities for 
enhancement of the sensitivity by preconcentration. 

The extractants commonly used for anions, such as 
organic oxygen compounds and high molecular- 
weight amines, are not effective enough for bromide 
extraction.‘,* Bankovsky et al. have shown that hep- 
tane solutions of amylmercury(I1) salts quantitatively 
extract bromide over a wide acidity range, from pH 9 
to 15M sulphuric acid,’ but this high extraction 
power makes stripping difficult, and the reagent also 
extracts chloride and iodide. Bock et al.,‘O~l’ and 

Schweitzer and McCarthy” have studied the extrac- 
tion of halide ions with triphenyltin hydroxide 
(TPTH) and triphenyl-lead hydroxide into benzene, 
chloroform and methyl isobutyl ketone (MIBK). It 
has been shown that these reagents extract bromide 
quantitatively over the pH range l-4, extraction from 
more acidic solutions has not been examined, nor has 
the possibility of preconcentration of bromide ion 
and its separation from large amounts of metal 
cations and other anions. 

In this work we have studied the determination of 
bromide by MAS of AlBr, without and with solvent 
extraction of bromide by TFTH and stripping with 
aqueous barium hydroxide solution. 

Instruments 
EXPERIMENTAL 

The molecular absorption was measured with a Jarrell 
Ash type 811 two-channel double-beam AA-spectrometer 
and a Beckman graphite furnace, type 1268. The light- 
source was a hydrogen hollow-cathode lamp run at 35 mA. 
The measurement was made at 278.9 nm. For background- 
correction the two-line method was used, with a non-specific 
wavelength of 281 nm. 

The distribution of bromide between the organic and 
aqueous phase was estimated radiometrically with **Br. The 
radiochemical purity of the **Br was tested by means of a 
Nokia Ge(Li)-detector and an 800-channel analyser (LP 
4840) as well as from the half-life measurements. The 
radioactivity of the organic and aqueous phase was meas- 
ured on a Tesla Liberec NRG 603 automatic gamma 
spectrometer. 
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Table 1. Results of extraction of bromide ions by TPTH solution 

Cm,, M 5.6 x 10-s 1 x 10-d 1.1 x 10-3 1 x 10-Z 2 x 10-I 

Recovery, “/, 99.1 99.8 99.3 55.6 5.4 

Reagents 

TPTH solutions were prepared by equilibration of 0.03M 
triphenyltin chloride solution in a suitable diluent (e.g., 
o-xylene) with several portions of aqueous O.lM sodium 
hydroxide (in 1: 1 organic to aqueous phase ratio) until 
chloride was no longer detectable in the stripping solution. 
The organic phase was washed free from hydroxide with 
water and then filtered. Unless otherwise noted, the concen- 
tration of TPTH in the diluent was O.O3M, and the concen- 
tration of bromide in the aqueous solutions used in the 
extraction study was 5-10 x lo-‘M. 

Other stock reagent solutions used were of aluminium 
nitrate (A13+ 10 mg/ml), sodium hydroxide (O.lM); barium 
hydroxide (O.O5M), sodium bromide (Br- 1 mg/ml), so- 
dium chloride, iodide, sulphate and monohydrogen phos- 
phate (anion 10 mg/ml), metal nitrates [metal (K+, Mg*+, 
Ga3+, In’+, Co2+, Ni*+, Cu*+, Zn*+) lOmg/ml]. 

Procedures 

Measurement of absorption spectra. The molecular ab- 
sorption was measured between 290 and 275 nm, point by 
point at 0. I-nm intervals in the 277-280 nm region (means 
of five values) and at I-nm intervals elsewhere. 

Analytical investigations without extraction. Aliquots 
(10 ~1) of solutions containing bromide, aluminium and 
barium were injected into the graphite furnace. After drying 
and ashing, the solid was evaporated to give the so-called 
evaporation phase (the equivalent atomization phase in 
atomic-absorption spectrometry) and the molecular absorp- 
tion of AlBr was measured. 

Analytical determinations with extraction. Stoppered glass 
test-tubes or separatory funnels were used in studying the 
distribution of the elements between the phases. The extrac- 
tion was done with various phase-volume ratios. For 
V, = VW, the volume of each phase was 3 ml. The extraction 
studies were done at room temperature, and the phases were 
shaken together for 3 min (it was found in preliminary work 
that the equilibrium was attained in less than 3 min for all 
the systems studied). An aliquot of each phase was used for 
the radioactivity measurements, from which the recovery 
factors (Rx) were estimated. For the stripping 0.05M 
barium hydroxide was used. After separation of the strip- 
ping solution an appropriate volume of aluminium solution 
was added and the solution was injected into the graphite 
furnace. 

RESULTS AND DISCUSSION 

Investigation of the extraction 

The extraction of bromide by 0.03M TPTH in 
o-xylene and MIBK from nitric acid and sulphuric 
acid medium with a 1: 1 phase-volume ratio was 
examined. The recovery factors with use of o-xylene 
were greater than 99.5% over the nitric acid concen- 
tration range O.Ol-5M. With MIBK the R values 
were lower, and o-xylene was used as the diluent in 
all subsequent experiments. Bromide was also quan- 
titatively extracted from O.Ol-2M sulphuric acid 
(R =99.3x), but at sulphuric acid concentrations 
higher than O.lM precipitates formed in the organic 
phase. No precipitate formed in the extraction from 
nitrate media. The recovery factors were not lower 

than 99.7% for bromide extraction from 0.3M so- 
dium, potassium, lithium, lead, cobalt and nickel 
nitrate solutions in 0.3M nitric acid at V,,: Vaq = 1, 
with practically no extraction of the cations. 

The results (see Table 1) for the extraction of 
bromide from O.OlM nitric acid as a function of 
bromide concentration in the initial aqueous solution 
(C,,) show that extraction by 0.03M TPTH in 
o-xylene was quantitative for C,, < 1 x 10m3M. The 
possibility of preconcentration of bromide by extrac- 

tion with different V,: Vaq ratios is shown in Table 2. 
It is also seen that TPTH allowed simultaneous 
separation of bromide from large amounts of metal 
cations and concentration before subsequent deter- 
mination. 

Table 2. Recovery values in the extraction of bromide ions 
by 0.03M TPTH in o-xylene 

Recovery 
Aqueous phase v0 : vaq R> % 

O.OlM HNO, 1:l 99.6 
1:5 97.9 
1:lO 96.3 

O.OlM HNO,, 0.3M KNO, 1:5 99.4 
1:lO 98.5 

O.OlM HNO,, 0.3M Ni(NO,), I:5 99.4 
1:lO 98.1 

Br- concentration 10-4-10m5M. 

Table 3. Recovery values for the extraction of bromide ions 
by 0.03M TPTH in o-xylene from HNO, in the presence of 

foreign anions 

Recovery, % 
Concentration 

Foreian of foreign o.olM* O.lMt 
anion anion, M HNO, HNO, 

1 .OMt 
HNO, 

F- 10-4 

Cl- lo-’ 
3 x lo-’ 

10-2 
10-1 

I- 10-I 
3 x 10-j 

10-2 
10-I 

Po- lo-’ 
10-Z 

3 x 10-z 
10-l 

so:- 10-j 
10-2 

3 x 10-Z 
10-l 
1.0 

99.2 

99.8 

96.5 
19.3 

99.7 

99.2 
4.0 

99.8 
61.5 

2.3 

99.9 
99.9 

99.7 
99.7 

99.7 99.9 
99.1 98.5 
72 74.6 

99.7 99.9 
99.6 99.5 
19.0 18.8 

99.0 
98.7 
83.7 

99.0 
99.9 
99.9 

99.5 
99.1 
99.9 

99.6 
98.5 

*vO:v,= 1:l. 
tv,: v, = 1:5. 
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Table 4. Recovery values in the stripping of bromide ions Because the band was narrow, it was possible to 
from the organic extracts (in 0.03M TPTH/o-xylene) correct the background by difference measurement 

Recovery, % with the two-line method (279.1/281 nm). 
Stripping Concentration, 

agent M v0 = Pas v,=2v, 

NaOH 10-x - 0.4 
1om2 99.9 98.0 
10-I 99.9 

Ba(OH), 1om3 - 0.2 
10-z 99.9 99.9 
10-l 99.9 99.9 

In contrast to metal cations, anions which are 
extracted by organotin extraction agents”,‘**‘* can 
interfere with the extraction of bromide, as shown in 
Table 3. 

The decrease in extraction of bromide with in- 
creasing concentration is due to competition for the 
reagent. A precipitate of TPT fluoride forms in the 
organic phase at fluoride concentrations higher than 
10-4M in the aqueous phase, which is why the 
extraction at higher fluoride concentrations was not 
examined. It should be noted that in contrast to the 
sulphuric acid system, no precipitate formed at high 
sodium sulphate concentrations in the aqueous 
phase. It is also noteworthy that phosphate depressed 
the extraction of bromide from O.lM nitric acid, but 
not from more acidic solutions. Therefore, the extrac- 
tion of phosphate and iodide (which strongly affects 
the extraction of bromide) from 0.01 and 1M nitric 
acid was studied at anion concentrations (C,,) of 
1 x 10p3M with “P and “‘I as radioactive tracers. 

It was found that more than 99% of the iodide was 
extracted in both cases, but the recovery factor for 
the phosphate decreased from 93.4% (O.OlM HNO,) 
to 1.5% (In/r HNO,). This explains the quantitative 
extraction of bromide at high phosphate concen- 
trations from 1M nitric acid. Protonation of the 
phosphate results in formation of phosphoric acid, 
which is not extracted by TPTH and does not sup- 
press the extraction of bromide. 

The stripping of bromide into aqueous sodium or 
barium hydroxide solution was studied (Table 4). 
Both hydroxides proved effective stripping agents, so 
the extracts could be directly analysed by MAS. 
Additional preconcentration could be achieved in the 
stripping step. 

Investigation of molecular absorption of AlBr (without 
extraction) 

The absorption spectrum was investigated by use 
of solutions with the composition Al’+ 1 pg, Ba2+ 
30 pg, Br- 0.5 pg in 10 ~1 sample volume. The spec- 
trum was measured between 290 and 275 nm, and is 
shown in Fig. 1. The maximum of the AlBr absorp- 
tion band was between 278.9 and 279.1 nm, in agree- 
ment with the literature,14 which gives I,,, as 
278.9 nm for the C-band system (X%+-AH; v//v”: 
O/O 278.9 nm; l/l 279.1 nm). 

Optimization of thermal conditions 

In a general account of optimization of metal 
bromide molecule formation2~‘5 it was stated that the 
choice of temperature for the drying, ashing and 
evaporation is very important, to avoid losses of 
bromide ions in the first two steps and to obtain 
simultaneous evaporation of the metal and bromine 
species in the third step. 

We therefore investigated the influence of the 
temperature of the ashing and evaporation steps and 
found that the ashing temperature should not be 
higher than 900”. The best evaporation temperature 
was the maximum temperature of the graphite fur- 
nace (about 3300”) (see Fig. 2), in spite of the fact that 
the dissociation energy of the AlBr molecule is not 
very high (4.5 eV),14 and this molecule may dissociate 
at high temperature. The reason for use of this high 
temperature is the poor and late evaporation of the 
aluminium species. 

AlBr 

278.9-279.1 nm 

I I I I 

275 280 285 290 

nm 

Fig. 1. Molecular absorption spectra of the AlBr molecule 
(measurement point by point). (-): Al’+ 1 pg, Bar+ 
27 pg, Br- 0.5 pg in lO$; (--): Al)+ 1 pg, Ba2+ 27 ,ug in 

lo/II. 

(b) 

Fig. 2. Dependence of AlBr MA on the temperature of 
ashing (a) and evaporation (b): (a) evaporation temperature 

3300”; (b) ashing temperature 800”. 
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Fig. 3. Dependence of AlBr MA on the presence of other cations (as nitrates): 1, with preliminary 
extraction of Br- from O.lM HNO, by 0.03M TPTH in o-xylene; 2, without extraction. 

Optimization of the chemical conditions 

The addition of barium hydroxide solution up to 
a concentration of 0.025M to give a pH of 10-12 
influenced the height of the AlBr signal by decreasing 
the loss of bromide by volatilization as hydrogen 
bromide (see also Dittrich and Meister”). After dry- 
ing, the solid residue contained barium, bromide, 
hydroxide and nitrate, all of which are thermally 
stable. Losses of bromide as HBr by thermal hydro- 
lysis in the ashing phase were avoided. 

At the high temperature of the ashing step the 
substances formed reacted with the graphite of the 
tube. Hence the rate of volatilization of the bromide- 
containing particles was reduced. Because aluminium 
is difficult to vaporize, it evaporates late in the 
evaporation step, so the decreased rate of vapor- 
ization of bromine species was very useful for en- 
suring simultaneous evaporation of both species. 
Thus one prerequisite for the formation of a high 
AlBr concentration in the gas phase was fulfilled. 

Next we investigated the influence of the alumin- 
ium and barium hydroxide concentrations on the 
molecular absorption of AlBr. The molecular absorp- 
tion signal for AlBr increased with increased concen- 
trations of both substances. At high aluminium con- 
centrations the equilibrium 

Al + Br e AlBr 

is shifted to the right, and high barium hydroxide 
concentrations minimize loss of bromide ions. Very 
high concentrations of these substances are not so 
efficient, however, because both substances form 
stable carbides with the carbon of the graphite tube. 
Evaporation of the very involatile carbides and of the 
stable double oxides formed enhances the back- 
ground signal during the evaporation step. The opti- 
mal concentrations are 1 pg of aluminium and 30 pg 
of barium in 10 ~1 of sample. 

Influence of other cations 

In Fig. 3 the very strong influence of certain cations 
is shown. They decrease the AlBr molecular absorp- 
tion signals for various reasons. The effect of potas- 

sium is due to formation of thermally stable KBr in 
the gas phase and formation of the easily volatilized 
KBr as a solid residue in the graphite cuvette, which 
prevents simultaneous evaporation of bromine and 
aluminium species. In the case of Mg*+, Ga3+, In3+, 
Co*+, Ni*+ and Zn*+ ions, which form only unstable 
diatomic molecules with bromine, decrease in the 
AlBr molecular absorption signals is caused by losses 
of bromide as HBr by thermal hydrolysis in the 
drying and ashing steps. 

Influence of other anions 

In Fig. 4 the influence of certain anions is shown. 
Chloride and iodide also form diatomic molecules 
with aluminium in the gas phase. Because the dis- 
sociation energy of AlCl (5.1 eV) is higher than that 
of AlBr (4.5 eV) and Al1 (3.8 eV) the presence of 
chloride shifts the equilibrium 

AlBr + Cll s AlCl + Br- 

to the right and the concentration of AlBr molecules 
in the gas phase is decreased. 

Measurements in the presence of an excess of 
sulphate are impossible because the insoluble barium 
sulphate formed affects volatilization of the bromine 
species. Phosphate at higher concentrations also 

I+ I 

\ 
\ 

0 
so: - 

L \ 

I ‘12 
L, ’ ‘“- ’ 

l-v 2 I PO:- 

Fig. 4. Dependence of AlBr MA on the presence of other 
anions (as sodium salts): 1, with preliminary extraction of 
Br- from O.lM HNO, by 0.03M TPTH in o-xylene; 2, 

without extraction. 
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Table 5. Results of bromide determination of AlBr MA with and without 
preliminary extraction of bromide (linear range 25-500 ng) 

Relative 
Absolute reciprocal 
reciprocal sensitivity 

Sample volume, sensitivity 
PI ng for 0.01 A ppm M 

Without extraction 
10 25 2.5 3.1 x IO-5 
40 25 0.31 7.5 x 10-e 

With extraction 
10* 25 0.5 6.2 x 1O-6 
40* 25 0.125 1.6 x 1O-6 
10t 25 0.25 3.1 x 1o-6 
40t 25 0.031 7.5 x 10-7 

*Initial sample 10 ml, preconcentration factor 5: 1. 
tInitia1 sample 20 ml, preconcentration factor IO: 1. 
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forms insoluble salts [e.g., Ba,(PO,),] and affects the 
formation of barium bromide residues. At low phos- 
phate concentration the signals are lowered because 
of volatilization of hydrogen bromide by the much 
less volatile phosphoric acid. 

Because of these effects of cations and anions, 
MAS is not convenient for direct analysis of complex 
samples. We therefore decided to combine it with a 
prior separation of the bromide. 

Analytical results 

Pure solutions. First we established the dependence 
of the AlBr signal on the bromide concentration 
under the optimal analytical conditions (see above). 
A linear calibration graph was obtained. The ana- 
lytical data are given in Table 5. The blank value of 
0.025 absorbance units cannot be compensated for. 
The reciprocal sensitivity is 25 ng of bromide for an 
absorbance of 0.01, which means that it is possible to 
determine 2.5 ppm of bromide in 10 ~1 of aqueous 
solution (3.1 x lo-‘M). To a first approximation this 
reciprocal sensitivity is comparable to the detection 
limit. It is possible to improve the concentration 
detection limit by using a greater sample volume. The 
absolute amounts of aluminium and barium used 
should be the same as for the lo-p1 sample. We found 
the same absolute detection limit (25 ng) for a sample 
volume of 40~1, which gives a concentration de- 
tection limit of 0.3 ppm (or 0.75 x 10m6M). The 
statistical detection limit gives an absorbance of 
about 0.01. Extraction was used in conjunction with 
the AlBr determination by shaking a 10 or 20ml 

Table 6. Results of bromide determination by AlBr MA 
with extraction in presence of other salts 

Detection Detection 
limit, limit, 

Salt ppm Salt Ppm 
KNO, 2 Ni(NU 1.3 
Mg(NO,), 1.5 Co(NQ 1.3 
Ga(N% 2.5 Cu(NO,), 1.5 
In(N% 2.1 Zn(NO,), 1.7 

sample (in O.lM nitric acid) with 4 ml of 0.03M 
TPTH solution in o-xylene. After separation, a 
known volume of the organic phase (e.g., 3.0 or 
3.5 ml) was pipetted and stripped with half its volume 
of 0.025M barium hydroxide. After separation, 1 ml 
of the aqueous solution was pipetted, 0.01 ml of 
IO-mg/ml aluminium solution was added, and the 
AlBr molecular absomtion was measured. The results 
are shown in Table 5. Comparison of the results with 
and without extraction show that it is possible to 
improve the relative reciprocal sensitivity of the bro- 
mide determination by about one order of magnitude 
by extraction. This sensitivity is adequate for trace 
determinations and compares well with that of other 
methods (e.g., the ISE method). 

Solutions containing other anions. The effect of 
other anions is shown in Fig. 4. Chloride and iodide 
strongly depress the AlBr signals, whether extraction 
is used or not. Without extraction it is possible to 
determine traces of bromide in the presence of a 
lOO-fold amount of iodide and lo-fold amount of 
chloride. Extraction gives an improvement, especially 
for chloride, which is extracted less efficiently than 
bromide. With extraction 25 ng of bromide can be 
determined in presence of a 500-fold amount of 
chloride and 200-fold amount of iodide. These results 
are very good in comparison with those for other 
methods. 

The direct determination of bromide in presence of 
sulphate is impossible, because the sulphate forms 
insoluble barium sulphate with the barium added. If 
O.OlM nitric acid medium is used, sulphate is not 
extracted by the organic TF’TH solution, so the 
sulphate interference is avoided. Bromide deter- 
mination in presence of more than lOOO-fold amount 
of sulphate is possible. 

Bromide can be directly determined in presence of 
phosphate in up to 40-fold ratio. Extraction from 
l.OM nitric acid, from which phosphoric acid is not 
extracted, gives a larger tolerance for phosphate. 

Solution containing other cations. Figure 3 shows 
the strong influence of many cations on the AlBr 
signal. Separation of the bromide from these cations 
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can improve the detection limit by a factor of up to 
1000. 7. 

By using the best conditions and a sample concen- 
tration of about 0.14.3M, it is possible to determine 8 

’ bromide traces in some metal nitrates in the ppm 
range. The results are shown in Table 6. 

In conclusion, we can say that the combination of 9. 
extraction with the selective determination by means 
of AlBr molecular absorption is a useful new tech- 
nique for the determination of traces of bromide. 10. 
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Summary-A method has been developed for the determination of bromide in fresh water. The analyte 
is enriched on the anion-exchanger Dowex 1 x 8, which exhibits a considerably greater affinity for bromide 
than for the major anions in fresh water. Sodium perchlorate is used as eluent and an enrichment factor 
of - 100 can be achieved. The eluted bromide is oxidized with peroxodisulphate to bromate, which is 
determined iodometrically by a previously published spectrophotometric method. The enrichment in the 
presence of the major components of fresh water has been studied. Only bicarbonate has been found to 
interfere, but this interference can be avoided by acidifying the sample with hydrochloric acid. The 
recovery from synthetic fresh water with ionic concentrations corresponding to 0.005 equivalent/l. and 
soiked with bromide was 100% at bromide concentrations larger than 50 nM (4 pg/l.) and about 90% at 
Ib nM. The detection limit is “l.5 nM and the limit of determination 5 nA4 for I-litre samples. 

The mean content of bromide in fresh water has been 
estimated to be about 10 pg/l.’ With the exception of 
neutron-activation analysis, there seems to be no 
method available for the accurate determination of 
bromide at this concentration level. Recently two 
investigations have been reported on the deter- 
mination of bromide in fresh water by ion chro- 
matography.‘s3 With a sample volume of about 5 ml 
and a bromide-selective electrode as detector, bro- 
mide concentrations around 3c.50 pg/l. were deter- 
mined. The precision was reported to be 24% at the 
5O+g/l. level. The accuracy is difficult to assess but 
is probably not better than 10% error. A number of 
calorimetric methods4 are available for the deter- 
mination of bromide. They are based on oxidation of 
bromide to bromine, which is then reacted with an 
added dye; the ensuing change in absorbance is used 
for determining the bromide. These methods require 
a bromide concentration exceeding about 100 pg/l. 
and the accuracy may be affected by organic material 
as well as inorganic constituents in the sample. The 
Phenol Red method has recently been automated by 
segmented-flow analysis.’ Chloride interferes in this 
method and must be corrected for. The detection 
limit is 10 pg/l. 

Thus it seems necessary to employ some method of 
enrichment before the final determination. In the 
method reported here, bromide is chro- 

matographically enriched on the chloride form of 
Dowex 1 x 8, which has considerably higher affinity 
for bromide than for the major anions of fresh water. 
After elution with the strongly displacing perchlorate 
ion, the bromide is spectrophotometrically deter- 
mined (by production of an equivalent amount of 
iodine), according to a previously published method,6 
which has a sensitivity of 2.25 absorbance units per 

pmole of bromide (this means that the bromide 
content of about 350 ml of fresh water of “average” 
composition should be accumulated in order to ob- 
tain an absorbance of 0.1). 

EXPERIMENTAL 

Apparatus 

The ion-exchanger tube was made with a cylindrical 
funnel at the top, -70 mm long and wide, enough to 
accommodate the mouth of an inverted 1-litre standard 
flask. The tube itself was 200 mm long and 8 mm in bore, 
and was drawn out to a tip with a l-mm bore tip. Though 
the resin bed, enclosed between Pyrex wool plugs, was only 
40 mm long (bed volume 2 ml) the column length stated was 
necessary for obtaining a convenient flow-rate under grav- 
ity. 

Water samples were filtered through a 0.45~pm filter 
(HAWP 04700) in a Millipore filtration system. The 
filtration step did not influence the blank. The per- 
oxodisulphate oxidation and the spectrophotometric finish 
were performed with the previously described equipment.6 

Chemicals 

All solutions were prepared from Merck analytical re- 
agents unless otherwise stated. 

Sodium chloride was purified as described earlier.6 Hy- 
drochloric acid was freed from iodine and bromine as 
follows. Add 0.1 g of sodium nitrite to 600 ml of hydro- 
chloric acid (1 + 1), heat to boiling and boil for 10 min. Add 
0.5 ml of 30% hydrogen peroxide and boil for another 10 
min. Distil the acid and recover the middle 400-ml portion. 
The purified hydrochloric acid stock solution is - 6.4M and 
is used in all preparations containing this acid. 

Ion-exchange resin. Dowex 1 x 8, (100-200 mesh), pract, 
Serva Feinbiochemica. Fines are removed by decantation. 
In order to obtain reproducible flow-rates the decantation 
procedure must be standardized. With the exchange column 
and bed height used in this work the following procedure is 
used. Slurry about 30 g of resin in a tall-form 250-ml beaker 
filled with water and allow to settle for 5 min. Decant the 
suspended particles and repeat the procedure until the 
supernatant liquid is virtually free from particles. The resin 
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Table 1. Determination of Kg for three Dowex I ion-exchange resins of various degree of 
cross-linking; batch experiments with initial concentration of chloride 5mM; Xs,_ is the 

mole fraction of bromide in the column 

Initial [Br-1, 
??tM 

0.05 
0.15 
0.45 
1.35 
4.05 

KE 

2.81 
2.82 
2.70 
2.86 
2.64 

x4 

XB,- 

0.00250 
0.00748 
0.0222 
0.0657 
0.183 

Dowex 1 
x8 

Kg xs,- 

3.81 0.00283 
3.46 0.00839 
3.42 0.025 
3.70 0.0742 
3.61 0.210 

x 10 

Kn” XB,- 

1.67 0.00302 
1.45 0.00878 

I .32 0.0734 
1.29 0.194 

can be further purified after the columns have been made as 
described in the general procedure below. 

Determination of the ion-exchange constant, Kg 

The resin in chloride form was conditioned over calcium 
chloride hexahydrate and its saturated solution before use. 
The water content of the conditioned resin was about 13%. 
For each experiment 1 g of resin was shaken in an Er- 
lenmeyer flask for 18 hr with 200 ml of a solution containing 
chloride and bromide. The resin and the equilibrated solu- 
tion were then transferred to a column and allowed to drain 
thoroughly before being eluted with sodium perchlorate. 
Bromide was determined after oxidation, by titration with 
thiosulphate.6 The capacity of the resin was determined by 
Mohr titration after elution of chloride with 1M sodium 
nitrate. 

General procedure 

The following procedure can be used for fresh water not 
containing abnormal amounts of dissolved salts and organic 
matter. 

Column preparation. Prepare a 2-ml bed of the resin 
(chloride form) between two plugs of glass-wool. Treat fresh 
resin with 40 ml of 1M sodium hydroxide and rinse with 
water until neutral. Run one regeneration step as described 
below, before use with a sample. 

Sample preparation 

Add 2 drops of 0.05% Methyl Orange solution per litre 
of sample and acidify just to the red colour with 1M 
hydrochloric acid. Filter the sample if necessary, discarding 
the first 50 ml of filtrate. Take a sample of known volume, 
not exceeding 1 litre, in a standard flask. 

Enrichment 

Place the flask, mouth down, in the funnel of the column. 
The flow-rate will be about 100 ml/hr, and the equipment 
can be left unattended, for instance overnight, since the last 
portion of the sample is retained by capillary forces and 
hence the bed will not run dry. Elute with three 3-ml 
portions of 2M sodium perchlorate into a 50-ml Jena Duran 
bottle and proceed with the analysis as described earlier.6 

Regeneration 

Rinse the column with water and pass through it, in 
order, 200 ml of 2M sulphuric acid, 15 ml of 1M sodium 
bicarbonate and 10 ml of 0.6M hydrochloric acid, rinsing 
with water between each. Eliminate voids formed by the 
evolution of caibon dioxide, by momentarily applying 
gentle suction to the tip of the column. Finally, rinse with 
water until the effluent is neutral. 

RESULTS AND DISCUSSION 

The enrichment step 

The success of the enrichment will depend on the 
net retention volume Vk, of the column for bromide. 
VK is given by the retention equation 

I’&= l’,- VM=DVt 

where VR is the total retention volume, V,,, is the 
volume of the mobile phase in the resin bed and Vt 

is the total volume of the bed. In order to limit the 
volume eluted the bed volume is restricted to about 
2 ml. The distribution ratio, D, of bromide between 
the bed and the mobile phase depends on the equi- 
librium constant of the ion-exchange process and the 
composition of the sample. The main cationic com- 
ponents of fresh water will not affect this distribution 
and, with the possible exception of Hg(II), trace 
metals should not cause interference, because of their 
low concentrations and the high ratio of chloride to 
bromide. Hence only the influence of the three main 
anions in fresh water (chloride, sulphate and bicar- 
bonate) was studied. 

Influence of chloride. The equilibrium constant for 
the exchange reaction R+Cl- + Br-+R+Br- + Cl-, 

KBr = P-l&-l 
” [Cl-],[Br-] 

has been determined from batch experiments at 
several bromide loadings on resins of various degree 
of cross-linking. The results are presented in Table 1. 
Since the value of KEi is most favourable for Dowex 
1 x 8, this resin was selected. The value of the 
constant (3.5) found in this investigation is somewhat 
higher than that previously reported (2.8).’ The vol- 
ume capacity of the resin is 1.6 meq per ml of bed 
volume, which gives Vk = 5.6 VJ[Cl-] at low bro- 
mide loadings. For a lOOO-ml sample and a bed 
volume of 2 ml the permissible chloride concentration 
would then be about O.OlM. This figure was corrob- 
orated by experiments in which lOOO-ml samples that 
were 0.25pM in bromide and had various chloride 
concentrations were analysed according to the gen- 
eral procedure. The recovery was (100 + l)% for 
[Cl-] I O.OlM, as can be seen in Table 2. No 
difference in recovery was observed between fresh 

Table 2. Test of the general procedure in the pres- 
ence of chloride: 1000 ml of solution 0.25 pM in Br- 
and of the stated concentration of NaCl was en- 

riched on fresh and on reeenerated resin beds 

Recovery of bromide, % 
[NaCll, 

M Fresh resin Regenerated resin 

0.0005 100 100 
0.005 101 100 
0.01 98 100 
0.05 21 26 
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Table 3. Test of the general procedure in the pnsence of sulphate: 
IOOOml or 200 ml samples, 0.25pM or 8.33m in Br- and with the 

stated concentrations of Na.SO.. were enriched 

ING%I. 
PPlM 

0.25 

Recovery of bromide, % 

1OOOmlof 1000 ml of 200 ml of 
0.25pM Br- 8.33pM Br- 8.33fiM Br- 

100 100 
0.5 99 
2.0 98 
2.5 61 100 
5.0 53 72 

10 100 
25 21 100 
50 95 

and regenerated resin beds. In this and the other 
measurements bromide standards were used for the 
calibration curve in the spectrophotometric finish. 

Influence of sulphate. The influence of sulphate ions 
on the recovery of bromide was studied by analysis 
of solutions containing bromide and sulphate at 
various concentration levels. From the results 
presented in Table 3 we may conclude that quan- 
titative recovery of bromide is obtained for a IOOO-ml 
sample containing up to 2 mmole of sulphate; the 
average sulphate concentration in fresh water is 
about 0.25mM.r 

Zny?uence of bicarbonate. Bicarbonate is the main 
anionic component in fresh water. On passage of a 
large volume of sample through the column, the 
ion-exchanger will be largely converted into its bicar- 
bonate form. The eluate from the column will there- 
fore contain about 3 mmoles of HCO;. After its 
titration to about pH 4 before the addition of the 
peroxodisulphate solution, the eluate will contain a 
substantial amount of dissolved carbon dioxide, 
which will be expelled during the oxidation step. It 
was found that the expulsion of the gas caused low 
recoveries of bromide. Most likely some bromine, 
formed as an intermediate in the oxidation, is carried 
away with the carbon dioxide. This interference can 
be avoided by acidifying the sample before the en- 
richment step, as outlined in the general procedure. 
Alternatively the titrated eluate can be heated to 
expel the carbon dioxide before the oxidation step. 

The enrichment step was further tested on syn- 
thetic fresh water of the relative ionic composition 
suggested by Rodhe’ as “standard composition”, see 
Table 4. Chemicals used were specially prepared free 
from bromide. The blank obtained was the same as 
for distilled water. The results were very satisfactory, 

Table 4. Test of the general procedure with 
solutions of “standard composition”: 1000 ml 
of 0.005N “standard composition” containing 
the stated amounts of bromide was enriched; 
0.005N “standard composition” contains 
(meq/l.): Ca2+ 3.175, Mg2+ 0.870, Na+ 0.785, 
K+ 0.170, Cl- 0.5, SO:- 0.785, HCO, 3.715 

Bromide added, Recovery, 
jmole %kRDS (n=3) 

0.01 89+ 10 
0.05 101 * 1 
0.25 99.7 f 0.2 

especially considering the fact that 0.01 pmole of 
bromide corresponds to an absorbance of only 0.023. 

The elution step 
Quantitative elution within a volume suitable for 

the succeeding steps in the analytical procedure could 
only be obtained with perchlorate ions. Three 3-ml 
portions of 2M sodium perchlorate proved adequate 
for a 2-ml resin bed. 

The enrichment factor (the ratio of the concen- 
trations in the eluate and sample) is = 100 for a 1-litre 
sample. The eluate is diluted in the course of analysis 
however, so the final enrichment factor is -30. 

The regeneration step 

The regeneration sequence utilizes the high affinity 
of the exchanger for bisulphate (KEF”* = 4.1) but low 
affinity for sulphate (Kz? = O.l).’ The perchlorate 
ions are first eluted with 2M sulphuric acid and the 
resin is then converted from the sulphate-form into 
the bicarbonate-form with sodium bicarbonate solu- 
tion. Finally treatment with a small excess of hydro- 
chloric acid restores the column to the chloride-form. 
Use of hydroxide instead of bicarbonate (in order to 
avoid evolution of carbon dioxide) cannot be recom- 
mended, since its repeated use tends to cause clogging 
of the plugs of glass wool used to keep the resin in 
place. Only a small decrease in capacity has been 
found after repeated regeneration of the ion- 
exchanger. 

The blank 
Significant amounts of bromide always seem to 

accompany chloride even in analytical-reagent grade 
chemicals and, therefore, the commercial ion- 
exchange resin in chloride form will give a rather high 
blank if not purified. Washing the resin with the 
specially prepared bromine-free hydrochloric acid 
reduced the blank considerably but entirely satis- 
factory results were only obtained if the resin had first 
been treated with 1M sodium hydroxide. The use of 
quite large amounts of bromine-free hydrochloric 
acid is, however, avoided by replacing it by use of the 
regeneration sequence with sodium hydroxide, sul- 
phuric acid and sodium bicarbonate. The ordinary 
reagent grade of these chemicals is sufficiently free 
from bromide, and only 6 mmoles of hydrogen 
chloride are used for converting the resin into the 
chloride form. 

Although the blank may vary somewhat with the 
batch of ion-exchanger, the following results are 
typical. Ten determinations in each of which 1000 ml 
of distilled water were taken through the analytical 
procedure yielded a blank of 5.6 + 0.5 nmoles. The 
corresponding figures from the peroxodisulphate ox- 
idation of 10 ml of distilled water and the spec- 
trophotometric finish were 2.8 f 0.5 nmoles. From 
the standard deviation of the bromide blank a limit 
of detection (30) of l.SnM and a limit of deter- 
mination (lOa) of 5.0nM can be calculated, corre- 
sponding to 0.12 and 0.40 pg/l., respectively. 
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Table 5. Determination of the bromide concentration in some lake 
waters and in waste water (corrected for iodide) 

Sample volume, Bromide, 
Origin of sample ml PM 

EdasjBn, Uppland 1000 0.252 
depth 0.3 m 500 0.262 
Valloxen, Uppland 896 0.482 
depth 0.3 m 500 0.475 
AresjGn, Jiimtland 1000 0.050 
depth 0.3 m 
Incoming waste water 100 3.27 
(to the waste water 100 3.25 
plant in Uppsala) 
Outgoing waste water 100 3.25 
(from the waste water LOO 3.25 
plant in Uppsala) 

Iodide is taken up quantitatively during the en- 
richment step but is only partially eluted. A cor- 
rection for the presence of iodine is made in the 
spectrophotometric finish.6 Work is now in progress 
to adapt the procedure for a simultaneous deter- 
mination of iodide. 

Applications 

The method has been applied to waters from three 
Swedish lakes and two waste water samples (Table 5). 
Edasjijn and Valloxen are situated in the south of 
Sweden. Edasjiin is a small lake, the first in a lake 
system, with a drainage area dominated by forests. 
Valloxen is a large lake, receiving its water from 
cultivated soils and wooded grounds. Aresjen is one 
of the first lakes in a large system in a mountain area; 
the water is poor in nutrients. The waste water 
samples were taken from the waste water plant at 
Uppsala. The incoming water was rich in suspended 
material. 

Albeit limited in number, the results indicate that 
the bromide concentration in fresh waters varies 
considerably. This subject will be further in- 
vestigated. It is also interesting to note the substantial 
increase of the concentration of bromide in waste 
water, above the natural level. As expected, no 

reduction in the bromide content of the water occurs 
during passage through the waste water plant. 

Humic acids present in the sample are, at least 
partly, taken up by the resin, as evidenced by the dark 
resin layer formed at the top of the resin bed. Some 
of the organic substance may be eluted but should be 
destroyed during the peroxodisulphate oxidation. 
The regeneration does not remove the humic acids 
completely but so far no negative effects have been 
observed from the sorbed material. 

Without any special arrangements a single analyst 
can analyse 10 samples per day. Hence the present 
method cannot compete with the ion- 
chromatographic technique with respect to speed of 
analysis. For waters with bromide concentrations 
greater than 10-20 pg/l., the ion-chromatographic 
technique is likely to become the method of choice, 
particularly in monitoring programmes. For the de- 
termination of bromide concentrations lower than 10 
pg/l. the present method should be a valuable asset. 
Its high accuracy should also make it suitable as a 
reference method for more instrument-oriented pro- 
cedures. 

1. 

2. 

3. 

4. 

5. 

6. 
7. 
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Snnunary-Accurate quantitative analysis for selected polycyclic aromatic hydrocarbons present on urban 
dust can be obtained by using a simple procedure consisting of sonic-probe extraction with cyclohexane; 
clean-up with Florisil@-XADA@, and measurement by high-resolution gas chromatography with 
flame-ionization detection (HRGC/FID). The analysis can be further simplified by eliminating the 
clean-up step if HRGC/electron-impact mass-spectrometry (MS) is available. Both the FID and MS 
methods give results consistent with those obtained by standard procedures. The direct HRGC/MS 
procedure, combined with chemical ionization, can also be applied to the determination of polycyclic 
organic materials present in solvent-refined coal, shale oil and crude oil. 

Polycyclic aromatic hydrocarbons (PAHs) are gener- 
ated from a variety of sources’*2 and are often associ- 
ated with urban dust particles. This dust is a com- 
posite of particulate matter from sources such as 
automobile exhaust, wind erosion, road dust and 
stationary fires. Consequently, extracts of urban dust 
are usually complex mixtures containing organic 
compounds such as PAHs, heterocyclics, aliphatic 
hydrocarbons, aldehydes, ketones, acids and bases. 
Accurate measurement of individual compounds in 
these complex mixtures usually requires time- 
consuming procedures. For example, the deter- 
mination of PAHs associated with urban dust in- 
volves extraction, isolation into a separate fraction, 
separation into individual compounds, and mea- 
surement.3-5 Procedures for removing the PAHs 
from urban dusts are soxhlet extraction,“’ sonic-bath 
treatment,‘,” and sonic-probe treatment”-” with var- 
ious solvents and solvent mixtures. Removal by 
sublimation has also been reported.‘4.‘5 Isolation of a 
PAH-rich fraction from the solvent extracts has 
included solvent partitioning’6’8 followed by column 
chromatography on various absorbentstS2’ or prepa- 
rative high-pressure liquid chromatography 
(HPLC).22,23 After pretreatment of the extract, the 
PAHs are separated and measured by high-resolution 
gas chromatography with flame-ionization detection 
(HRGC/FID)24 and by analytical HPLC.25 These 
multiple steps are time-consuming and tedious. Thus 
a rapid and simple method of screening urban dust 
samples for the presence of selected PAHs is de- 
sirable. 

We describe in this report a straightforward pro- 
cedure based, in part, on the extraction of dust 
samples and other particles by use of a sonic probe 
and cyclohexane. The extract is either cleaned by 
column chromatography and analysed by 
HRGC/FID or analysed directly by HRGC/mass- 

spectrometry (MS). The direct HRGC/MS analyses 
of polycyclic organic compounds in other complex 
mixtures such as alternative energy fuels is also 
described. 

EXPERIMENTAL 

Samples 

Urban dust samples and standard reference material 
SRM 1649 were obtained from the National Bureau of 
Standards (NBS). Fly-ash from a coal-burning power plant 
was collected from the hopper of the electrostatic precip- 
itator. Flue tar was obtained by scraping the inside of the 
chimney of an airtight wood-burning stove. Alternative 
energy fuels were obtained from the NBS during par- 
ticipation in an analytical characterization programme 
sponsored by the Department of Energy. 

Extraction 

An Artek-Sonic Dismembrator (Artek System Cor- 
poration, Farmingdale, NY) equipped with a 3/4-m. probe 
and operated at 240 W was used to extract 0.25-g samples 
with 30 ml of solvent. The sonic treatment time was 10 min. 
The solution was then filtered and extraction was repeated 
twice with fresh solvent. The three extracts were combined 
and reduced to 1 ml. 

Clean -up 

The extract was transferred to a 0.5-cm bore glass column 
containing 1 g of Florisil@, and then eluted with 15ml of 
benzene. The eluate was concentrated to 0.5 ml and trans- 
ferred to a 1.4cm bore glass column containing 9 g of 
80-100 mesh XAD-4@ wetted with ethanol. The XAD-4 
column was washed successively with 25 ml of ethanol and 
25 ml of pentane, the effluents being discarded. The PAHs 
were then eluted with 25 ml of benzene, and this eluate was 
subsequently reduced to 1 ml. This XAD-4 clean-up is a 
modification of the procedure reported by Spitzer.r6 

Equipment 

The HRGC analyses were performed on a Carlo Erba 
Fractovap equipped with an FID. The HRGC/MS analyses 
were performed on a Finnigan 4000 GC/MS operated in the 
multiple-ion-monitoring mode, with either electron-impact 
or chemical ionization. All solvent reductions were per- 

formed with a rotary evaporator. 
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HRGC analyses 
The components in the extracts were separated on 30-m 

DB-5 fused silica capillary columns, with hydrogen or 
helium as carrier gas, on-column or splitless injection, and 
a temperature programme of 6”/min from 60” to 320” after 
an initial hold of 2 min. With this programme the analysis 
time is less than 50min. External standards were used. 

RESULTS AND DISCUSSION 

Validation of methodology 

The NBS has issued certified values for the concen- 
trations of five PAHs in SRM 1649, a time- 
integrated, homogenized sample of Washington DC 
urban dust. The results of our analyses of this SRM 
are compared to these NBS certified values in Table 
1. The average difference between values is 8%. 
Comparable reproducibilities were obtained by the 
two methods. These results are used as validation of 
the simple and rapid methodology for the deter- 
mination of selected PAHs in samples as complex as 
urban dust. 

Extraction tests 

Tests were conducted to determine the best solvent, 
the most convenient method of removing residual 
particles from the extracts, and the optimum number 
of extractions. 

Cyclohexane and dichloromethane (DCM) were 
both effective in removing the PAHs from the urban 
dust particles. The DCM extract, however, could not 
be successfully cleaned-up with the Florisil and 
XAD4 columns. This observation reflects the supe- 
rior efficiency of DCM over cyclohexane in removing 
organic substances from urban dust. I4 For PAH 
determination, however, cyclohexane is superior be- 
cause it discriminates against many of the interfering 
polar substances while retaining efficiency for re- 
moving the neutral PAHs. 

After each sonic extraction, the particles must be 
separated from the extract. Conventional centrifu- 
gation was judged to be unsatisfactory because the 
fine particles generated during the sonic treatment 
could not be removed from the solution. Ultra- 
centrifugation did remove these particles but this 
approach is too complicated for a routine procedure. 
Filtration of the extract through medium-porosity 

Table I. Comparison of the analysis of Washington urban dust 
SRM 1649. 

Concentration. w/z 

Compound 

Fluoranthene 
Be.nz(o)anthracene 
Benz(a)pyrene 
Indeno(l,2,3-cd)pyrene 
Ek.nz(ghi)perylene 

NBS 
certified 

value 

7.1 +0.5 
2.6 k 0.3 
2.9 + 0.5 
3.3 If: 0.5 
4.5 * 1.1 

This 
study 

7.6 f 0.5 
2.9 f 0.4 
2.7 f 0.6 
3.1 f 0.6 
5.0 * 1.1 

Table 2. Relative efficiencies for recovery of PAHs in successive sonic 
extractions of urban dust 

Fraction in extract, % 

Compound 1 2 3 

Phenanthrene 73 27 0 
Fluoranthene 80 20 0 
Pyrene 79 21 0 
Benz(a)anthracene 83 17 0 
Chrysene 75 25 0 
Benz(a)pyrene 63 37 0 
Benz(e)pyrene 68 32 0 
Indeno(l,Z,3-cd)pyrene 71 29 0 
Benz(ghi)perylene 58 34 8 

sintered glass was successful and, at the concen- 
trations of interest, no PAHs were lost. 

The number of sonic extractions necessary to re- 
move the PAHs was determined by extracting an 
urban dust sample three times and analysing each 
extract separately. The results, shown in table 2, 
indicate that all the PAHs except benz(ghi)perylene 
are removed in two extractions. This sonic extraction 
procedure is effective for PAHs present on urban dust 
at the pg/g level. It is unlikely, however, that this 
technique can be extended to the rig/g level. Work 
done at this laboratory2’ and others” indicates that 
less than 30% of several representative PAHs present 
at the rig/g level are extracted by sonic treatment. 

Clean -up 

The simple two-step clean-up of the cyclohexane 
extract with Florisil and XAD-4 yields a fraction rich 
in PAHs that can be analysed by HRGC/FID. The 
Florisil removes polar materials and the XAD4 
completes the clean-up by removing any aliphatic 
hydrocarbons and semipolar materials from the ex- 
tract. This clean-up is simple and fast, the only 
disadvantage being the loss of perylene on the Flo- 
risil. 

The effectiveness of this clean-up procedure is 
illustrated in Fig. 1 where the HRGC/FID chro- 
matograms of the original and the cleaned-up ex- 
tracts are shown. Chromatogram A of the original 
extract is much more complex than chromatogram B 
from the cleaned-up extract. The original has a large 
number of interfering peaks at or near the retention 
times of the five PAHs indicated by the dotted lines 
between the chromatograms. Many of these inter- 
fering components are aliphatic hydrocarbons, which 
show up as intense discrete peaks. Other interferences 
appear as a wide unresolved hump. The discrete 
hydrocarbon interference peaks are not present in 
chromatogram B of the cleaned-up extract, which is 
rich in PAHs. Obviously, the PAHs can be deter- 
mined by HRGC/FID from chromatograms such as 
B but cannot be measured from chromatograms such 
as A. A final note about the comparison of these two 
chromatograms is that the baseline drift, due to 
column bleed, becomes maximal between com- 
ponents 4 and 5 in chromatogram B, whereas in 
chromatogram A this drift overlaps the hump from 
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Fig. 1. HRGC/FID chromatograms of (A) original and (B) 
cleaned-up cyclohexane extracts from sonic-probe extrac- 
tion of Washington urban dust. Peaks: 1 = fluoranthene; 
2 = benz(a)anthracene; 3 = benz(a)pyrene; 4 = indeno- 

(l,f3-cd)pyrene; 5 = benz(ghi)perylene. 

the unresolved components between components 3 
and 4. 

Losses occur whenever solutions containing small 

Table 3. Recoveries of PAHs subjected to 
Florisil-XAD-4 clean-up 

Compound Recovery* “/ 3 0 
Phenanthrene 48 
Fluoranthene 71 
Pyrene 79 
Benz(a)anthracene 80 
Chrysene 64 
Benz(a)pyrene 70 
Benz(e)pyrene 91 
Perylene 0 
Indeno( 1,2,3-cd)pyrene 84 
Dibenz(ah)anthracene 84 
Benz(ghi)perylene 86 

*Relative reproducibility is f 10% (triplicate deter- 
minations). 

amounts of components in a complex mixture are 
cleaned-up by some form of column chromatog- 
raphy. The probable loss of selected PAHs was 
investigated for the Florisil-XAD4 clean-up em- 
ployed in this investigation. Standard solutions were 
prepared and the recovery of individual PAHs was 
determined. The results are listed in Table 3 where the 
recoveries, except for perylene, ranged from 48% for 
phenanthrene to 91% for benz(e)pyrene. In all anal- 
yses corrections were made for these losses in the 
clean-up step. 

Applications 

The simplified procedure was applied to other 
PAHs in SRM 1649 and to PAHs on particles from 
other sources. The results of these analyses are listed 
in Table 4. Quantitative values for five additional 
PAHs in SRM 1649 are given in columns 2 and 3. 
The PAH content of St Louis urban dust was also 
measured and the values are given in column 4. For 
comparison, the NBS uncertified values for this same 
dust are listed in column 5. The PAHs measured in 
a sample of fly-ash from a coal-fired power plant and 
flue tar from a wood-burning stove are shown in 
columns 6 and 7. The low values for fly-ash and the 
high values for flue tar illustrate the effect of firing 
conditions on the PAH content of the emissions. 

Table 4. HRGC/FID determination of PAHs in cleaned-up extracts from various particle samples 

Concentration, fig/g 

Washington 
urban dust St Louis 
SRM 1649 urban dust 

This NBS This NBS 
Compound study value study uncertified 

Phenanthrene 3.3 4.5 4.5 NR§ 
Fluoranthene 7.6 7.lfl 7.1 7.9 
Pyrene 5.8 7.2 5.9 7.4 
Benz(a)anthracene 2.9 2.67 2.6 2.8 
Chrysene 4.3 3.7 6.9 6.6 
Bet@)py=ne 2.7 2.97 2.4 2.6 
Benz(e)pyrene 3.3 3.3 3.6 NR 
Indeno(l,Z,3-cd)pyrene 3.1 3.37 3.6 4.8 
Benz(ghi)perylene 5.0 4.51 5.6 5.5 
Dibenz(a/r)anthracene 0.4 0.4 ND NR 

*Electrostatic precipitator ash from a coal-fired power plant. 
tTaken from the chimney of an airtight wood burning stove. 
§NR = Not reported. 
$ND = Not detected at detection liiit of 0.05. 
PCertified values, see also Table I. 

Fly-ash* 

NDf 
0.3 
0.7 
ND 
ND 
0.07 
ND 
ND 
ND 
ND 

Flue 
tart 

70 
143 
178 
170 
225 
115 
75 
91 
74 

ND 
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Table 5. Direct HRGC/MS determination of selected PAHs in 
sonic-probe extracts of SRM 1649, with electron-impact (EI) and 

chemical ionization (CI) 

Concentration, pg/g 

Dichloromethane 
Cyclohexane 

Compound EI EI CI 

Benz(a)anthracene 2.5 5.2 2.1 
Benz(a)pyrene 2.9 7.0 2.3 
Benz(e)pyrene 3.6 8.1 3.3 
Indeno(l,2,3&)pyrene 3.9 12.7 3.4 

Under the efficient burning conditions of the power 
plant, very low amounts of PAHs are formed, while 
the inefficient combustion in an airtight wood- 
burning stove leads to the formation of high amounts 
of PAHs. 

Direct analysis 

If GC/MS instrumentation is available, the anal- 
ytical procedure for PAHs can be made even simpler. 
The increased selectivity of the mass spectrometer 
operated in the multiple-ion-monitoring mode en- 
ables the analyst to omit the Florisil-XAD4 clean- 
up. Direct HRGC/MS analysis, using electron- 
impact ionization (EI), of a cyclohexane sonic-probe 
extract of SRM 1649 was performed and the results 
for four PAHs are listed in column 2 of Table 5. The 
values are within 15% of the results reported in Table 
4, obtained by use of a clean-up procedure and 
HRGC/FID. If a more polar solvent, such as DCM, 
is used for the extraction, HRGC/MS with electron- 
impact ionization is not satisfactory. Use of this 
procedure gave the high values shown in column 3. 
This occurs because EI is not capable of discrimi- 
nating against the large number of interfering com- 
ponents extracted by DCM. These interferences must 
be removed by an extensive clean-up procedure or by 
resorting to a higher level of instrumental soph- 
istication such as chemical ionization (CI). For exam- 
ple, isobutane CI yields a simpler mass spectrum, 
thus reducing the possibility of interferences. When 
HRGCjCIMS was applied to the DCM extract the 
data listed in column 4, which agree with those in 
column 2, were obtained. 

The direct HRGC/CIMS procedure, with iso- 
butane as the reagent gas, has also been applied to 
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analysis for polycyclic organic materials (POMs) in 
other complex mixtures. Samples of solvent-refined 
coal, shale oil and crude oil were diluted lOO-fold 
with hexane and analysed directly for selected POMs. 
The results of these analyses are listed in Table 6. The 
concentrations of the first six listed POMs agree with 
the results obtained by other laboratories28 as part of 
an NBS programme sponsored by the Department of 
Energy. The results for l- and 2-methylnaphthalene 
agree with those obtained by rotationally cooled 
fluorescence spectroscopy. 29 The direct HRGC/CIMS 
analyses are simpler and less time-consuming than 
the multi-step procedures normally employed for the 
determination of selected components in these kinds 
of complex samples. 

CONCLUSION 

The simplified procedures used to determine twelve 
PAHs and three POMs on urban dusts and in process 
streams can certainly be extended to determine other 
organic compounds. In each case, the additional 
compounds need only be tested and the procedure 
finely tuned to obtain quantitative results. 

The simple Florisil-XAD-4 chromatography is not 
applicable to class separation of all the components 
present in complex mixtures. The reasons for this 
conclusion are the known irreversible adsorption of 
some components on the Florisil and the insufficient 
documentation of the class-separating capability of 
the XAD-4. 
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Summary-Details are given of a selective negative-ion mass-spectrometric method appropriate for the 
ultratrace determination of metals and organic compounds by means of their complexes. Direct 
introduction of the sample into the ion-source, attachment of low-energy electrons, and selected-ion 
monitoring are described, and comparative data are given relating to surface effects at the tips of 
insertion-probes on detection limits. Detection limits for chromium and cobalt, determined as their 
tris(2,2,6,6-tetramethylheptane-3,5dione) chelates, were respectively 1 .O and 0.16 pg, and that for nickel 
[as its bis(N,Ndiethyldith@arbamate) complex] was 1.0 pg. Detection limits of 2.0 and 1.0 ng are 
attainable for malathion and ethion by measurement of the nickel(H) complexes of their 
O,O’-dialkyldithiophosphate hydrolysis products. 

We have already drawn attention to some of the 
advantages and the potential afforded by the method 
of negative-ion mass spectrometry for the deter- 
mination of organometallic compounds.’ Since then 
there have been significant developments in the use of 
electron-attachment as a “soft” ionization technique 
under so-called negative chemical-ionization (NCI) 
conditions.“’ For molecules possessing positive 
electron-affinity, attachment of low-energy electrons 
can result in the formation of long-lived negative 
molecular ions capable of being detected and selec- 
tively monitored for quantitative purposes.7-‘0 Elec- 
tronic and structural criteria for gas-phase electron 
capture by organometallic substrates, as well as the 
function of various gases as electron-energy mod- 
erators in such reactions, have recently been more 
precisely defined.“-I8 Moreover, there have been con- 
siderable advances made in methods for quantitative 
introduction of solid samples of low volatility or 
thermal lability into mass-spectrometer ionization 
sources.‘e22 Previous mass-spectrometric deter- 
minations of metals (as various metal chelates) have 
been based largely on either electron-impact (EI) or 
positive-ion chemical ionization.2s27 Under these 
conditions very low instrumental background con- 
tributions are essential if the analytes are to be 
detected at ultratrace levels. However, because the 
normal mass-spectrometer background species are 
relatively immune to electron attachment, such ion- 
current contributions are usually minimal under NC1 
conditions.6s28s29 Introduction of gas-chromatography 
fractions and attachment of electrons under NC1 
ion-source conditions has been reported for certain 
classes of metal chelates.30,3’ In general, this method 

has several drawbacks, including the non- 
quantitative introduction of sample into the ion- 
source, the thermal lability of various metal chelates, 
and interaction of the chelates with active sites and 
surfaces prior to entry into the ionization chamber.32 

In this paper we present details and results of a 
selective method for ultratrace determination of 
metal chelates introduced directly into the ion-source 
under standardized electron-capture NC1 conditions. 
The utility of the technique is demonstrated for the 
biologically significant metals chromium, cobalt and 
nickel, and by its extension to analysis for malathion 
and ethion by formation and determination of the 
nickel derivatives of their (RO)2PS; hydrolysis prod- 
ucts. The analytes tested are listed in Table 1. 

EXPERIMENTAL 

Instrumentation 

Negative-ion mass spectra were obtained and quantitative 
measurements made on a VG MM- 16F single-focusing mass 
spectrometer fitted with a combined EIjCI source, under 
conditions described previously”-‘4,‘8 or specified below 
(Tables 24). Methane (Matheson UHP, 99.97% pure) was 
used as the electron-energy moderator under measured and 
controlled ion-source pressure (MKS Baratron system, type 
170/315BHS-10) and temperature conditions to achieve 
optimum sensitivity for molecular-ion signals at the col- 
lector.18 Detection-limit measurements were made by per- 
forming repetitive 0.1~set integrating scans of a selected ion 
(usually the molecular ion). Thus the signal derived from the 
collector by the d.c. amplifier and a sample-and-hold circuit 
could be recorded during the complete evaporation of a 
quantity of sample within the ion-source, usually within 
about 30sec. The signal recorded was Gaussian in shape 
and corresponded to an evaporation profile.13 Samples were 
introduced quantitatively into the ion-source either in fused 
silica cups (in some cases silaned and sometimes also coated 
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with SE-30) or on dished Vespel@ rods positioned in tapered 
Vespel@ probe tips which ensured a tight seal in, 
and electrical insulation from, the ion-source block.2’,22 The 
desorption chemical ionization (DCI) method of sample 
introduction was also used;i9 this involved rapid evapo- 
ration of sample within the methane plasma from a plat- 
inum wire, heated by the passage of a ramp-programmed 
current supplied by a VG type MR609 source- 
heater/emitter-current control unit. Details of our DC1 
filament, Vespel@ probe tip and the application of this 
technique to metal chelates have already been reported.i4 

Procedures 
Analyte solutions of known concentration were delivered 

by microsyringe in precise volumes of 1-3 ~1 to the solid 
insertion-probe cups, Vespelm rod or DC1 filament wire, and 
the solvent was evaporated in the vacuum lock for the solid 
insertion-probe. In this way, small accurately known 
amounts of samples deposited on fused silica, silaned or 
SE-30 coated silica,22 Vespel@ or platinum, were introduced 
quantitatively into the ionization-source methane plasma by 
the “in-beam” method. I9 Details of typical plasma tem- 
peratures and sample heating-rate data have already been 
given.14 The evaporation profile data acquired during the 
evaporation and ionization of the sample were used to 
determine the total monitored-ion charge produced by a 
given mass of sample introduced into the ion source 
(G/r g).” 

Materials and reagents 
The derivatives analysed were prepared and purified by 

established methods, and their purity was checked by 
positive-ion and negative-ion mass spectrometry.‘“r’ Solu- 
tions of the analytes were prepared by dilution of stock 
solutions of accurately known concentration, made with 
n-hexane, chloroform or methanol, as appropriate. 

Glassware was cleaned by procedures similar to those 
already described.‘* 

RESULTS AND DISCUSSION 

Ultratrace metal determination by chelation and NCI 
mass spectrometry 

As speciation of metals in the environment is 

highly important, analytical methods are needed that 
not only have high sensitivity, but can also indicate 
the metal oxidation state and co-ordination num- 
ber.3’4’ An analytical procedure based on a “soft” 
ionization method is well suited for this purpose. 
Both proton-transfer CI and NC1 give less fragmen- 
tation of quasimolecular, [M + l] + , and molecular 

ions, [M] -, than electron-impact ionization does. 
However, many metal chelates can be regarded as 
Lewis acids with the metal functioning as the active 

Lewis acid site42 and inhibiting proton attachment. 
Negative ionization, involving attachment of low- 
energy electrons in metal orbitals of suitable energy, 
can be seen as a more favourable ionization process, 
particularly as many metal chelates have been ob- 
served to undergo electron-attachment reactions 
leading to the formation of stable long-lived negative 
molecular ions.“-‘5*3h3’ Though it is known that 
fluorinated metal chelates may yield between 10 and 
5000 times more negative-ion current when present as 
[Ml- than positive-ion current when present as 

[M+ II+, no systematic comparison has been made 
of the sensitivity given by the three most common 
methods of ionization modes (EI, CI and NCI).30.3’ 
Table 1 lists the metal derivatives which we have 
determined quantitatively by direct sample intro- 
duction, electron-capture NCI, and mass spec- 
trometry. The biologically significant metals, chro- 
mium and cobalt, in their tervalent states, were 
determined in the form of their tris(2,2,6,6- 
tetramethylheptane-3,5-dione) chelates, M(dpm),, 
which give long-lived molecular anions on electron 
attachment.43 Nickel is best determined as its bis- 
(N,N-diethyldithiocarbamate) complex, Ni(Et2dtc),.14 

Ultratrace analysis by metal complexation and NCI 
mass spectrometry 

Formation of complexes of metals and various 
organic analytes, coupled with solvent extraction and 
spectrophotometric analysis, is a commonplace pro- 
cedure. The potential specificity and sensitivity 
afforded by negative chemical-ionization mass spec- 
trometry has not so far been utilized in this way, and 
one of our aims was to evaluate the combination of 
metal derivative formation and NC1 mass spec- 
trometry. Ethion is commonly determined spec- 

trophotometrically by hydrolysis and subsequent 
formation of the bis(O,O’-diethyldithiophos- 
phate)copper(II) complex, with a practical limit of 
detection of ca. 25 pg of analyte.“x4 A similar 
method is used for malathion, the corresponding 
O,O’-dimethyldithiophosphate complex being 
formed. These spectrophotometric methods are not 
specific for the individual O,O’-dialkyldithiophos- 
phate ligands and thus cannot be specific for the 
parent pesticides. 37 Negative-ion mass spectra have 

Table 1. List of analytes and their derivatives 

Analvte Derivative 

Chromium(III) 
Cobalt(II1) 
Nickel(I1) 
Malathion* 
Ethiont 

Cr[(CH3),C~CO~CH~COC(CH,),I,; Cr(dpm), 
Co[(CH,),C.CO.CH.CO.C(CH,),I,; Co(dpm), 
Ni[S,~CN~(C,H&],; Ni(Et,dtc), 
Ni[S2.P(OCH,)J,; Ni(Me,dtp)& 
Ni[S,.P(OC,H,)J,; Ni(Et,dtp)& 

CH2.C02C2H, 

*Malathion: (CH,O),. i ’ S.CH .CGrCrH,. 

tEthion: [(C,H,O),. i .S] .CH 
SDerivatives of the hydrolysis iroduct. 
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Table 2. Effects of sample-surface interactions on evaporation profiles 

Precision 
Surface Charge, C* @SD), % Profile shape 

Vespel” 5.5 x lo- I0 8 Symmetrical 
Silaned silica/SE-30 2.0 x lo- I0 8 Symmetrical 
Untreated fused silica 4.0 x lo-” 20 

Heated olatinum wiret 4x 10-12 60 

degular with 
tailing 
Irreeular 

*Charge obtained as negative molecular ions from a sample of 
bisfN.N-dietbvldithiocarbamato~nickel~I1) containing 1 ng of nickel. 

tDesor$on chemical ionization. ’ 

been obtained for many organophosphorus 
pesticides28345 as well as for metal chelates formed 
from analogous O-O’-dialkyldithiophosphate li- 
gands,15 those for the former being characterized by 
a degree of fragmentation which is excessive for 
precise selective-ion monitoring, whereas those for 
the latter display little fragmentation under the opti- 
mum ion-source conditions. With such metal deriva- 
tives the specificity afforded by negative-ionization 
mass spectrometry can be used to identify (and 
determine) unequivocally the metal chelate, the che- 
lating ligand and hence the original pesticide. In this 
work, the metal complexes Ni(Me,dtp), and 
Ni(Et,dtp), were selected as models for determination 
of malathion and ethion because for these com- 
pounds, under controlled conditons, ca. 90% of the 
total ion-current is carried by [Ml- (the ion selected 
for monitoring).46 These two metal complexes are 
known to be Lewis acids,47*48 and this property serves 
to make their cross-sections for electron capture 
larger than those of the corresponding parent organic 
analytes. 

Surface efects and their influence on the sensitivity 

When the amount of sample introduced on the 
solid insertion-probe approaches that required to 
form a monolayer on the surface used (typically 0.1 
nmole), the sensitivity can be severely affected by 
interaction between the surface and the sample.22s49 
Significant improvements in sensitivity as well as less 
decomposition of thermally labile compounds have 
been reported to result from the use of inert surfaces 
for direct sample introduction.2’.22 Such methods 
involve silaning glass surfaces (and sometimes then 
coating the surface with the non-polar gas- 
chromatography stationary phase SE-30). Vespel@ 
has been used to an increasing degree as a chemically 
inert surface for direct introduction of thermally 
labile compounds. 21 The DC1 method, whereby sam- 
ples are desorbed within the ion-source from heated 
wires, has also been used for compounds that are 
thermally labile or difficult to volatilize.‘9*49 However, 
no systematic evaluation of these surfaces has been 
made for metal chelate analysis. 

To assess the suitability of the surfaces chosen in 
this work for ultratrace analysis, the average charge 
carried by negative molecular ions resulting from 
replicate introduction of 1 ng of nickel [as 
Ni(Et,dtc),] on the various surfaces was measured. 

This derivative was chosen because it has vacant 
co-ordination sites which could interact with active 
sites on the various surfaces. The results are sum- 
marized in Table 2, and show that the most suitable 
surface for this chelate is provided by Vespel@. The 
SE-30 coated surface is also effective, but is known to 
have an upper temperature limitation.22 A consid- 
erable loss of sensitivity and precision, as well as 
tailing of the evaporation profiles, was apparent in 
the results for uncoated silica surfaces. The low 
sensitivity and poor reproducibility given by the 
platinum DC1 filament wires is consistent with pre- 
viously reported results obtained with organic ana- 
lytes at the ng level.‘9s50 

Detection limits 

Detection limits were determined for the analytes 
listed in Table 1, by introducing into the ion-source 
successively smaller amounts of their derivatives, on 
a dished VespeP’ rod. The detection limit was taken 
to be the smallest amount of analyte giving an 
evaporation profile distinguishable from that ob- 
tained when only pure solvent was delivered to the 
rod. The results are given in Table 3 and the cali- 
bration graphs are given in Fig. 1. 

A major limitation to the realization of lower 
detection limits is the intensity of the background 
spectrum. Although the negative-ion background is 
of lower intensity than that for positive ions, it is 
significant when the gain of the detection circuitry is 
very high. The abundance of background ions in the 
VG mass spectrometer used in this work decreases at 
m/z > 300 and therefore the degree of background 

Table 3. Detection limits determined by [Ml- monitoring under 
NC1 conditions 

Source Detection 

‘Z 
temperature,5 limit, 

Analytet “C Pg 

Chromium(III) 601 170 1.0 
Cobalt(II1) 608 170 0.2 
Nickel(I1) 354 240 1.0 
Malathion 372 160 2000 
Ethion 428 160 1000 

*Methane as electron-energy moderating gas (0.10 mmHg), primary 
electron energy 50 eV, emission current 1.00 mA (total), acceler- 
ating voltage 4.0 kV, repeller voltage 0 V. 

tAnalyte derivatives introduced on a Vespel@ rod into the ionization 
chamber. 

#Plasma temperatures were approximately 90% of the source tem- 
perature. 
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Fig. 1. Calibration graphs. A: Co(III) (0) and Cr(II1) (0) as their M[dpm], derivatives. B: Ni(I1) (0) 
as Ni[S,CN. Et,],, C:Malathion (A) and ethion (A) as the Ni[(RO),PSJ, derivatives; each point represents 

the mean charge detected for triplicate sample introductions, for which the worst r.s.d. was 20%. 

interference in the detection of very low levels of 
analytes is decreased when the derivatives have high 
masses. It is therefore advantageous to use metal 
chelates with molecular weights > 400. Background 
interference becomes apparent when the probe is 
inserted. When the probe makes contact with and 
seals the ionization chamber, the pressure in the 
chamber rises from about 0.01 to 0.10 mmHg (with 
methane as the electron-energy moderating gas) and 
this is accompanied by a rise in sensitivity, resulting 
from the corresponding increase in the thermal- 
electron concentration in the ionization chamber. If 
the gain of the detection system is high, then the rise 
in sensitivity is apparent as a rise in the background 
ion-current to a plateau representing equilibration of 
conditions within the ionization chamber. This is 
illustrated in Fig. 2 which reproduces the evaporation 
profile obtained on delivery of 1 ~1 of pure solvent 
(blank) to the Vespel@ rod, with the mass spec- 
trometer tuned to m/z = 60 1. Also shown are profiles 
for duplicate introduction of 3.3 and 1.0 pg of chro- 
mium [as the Cr(dpm), chelate] in the same volume 
of solvent. In these evaporation profiles the current 
due to the analyte is superimposed on the rising 
background signal. The drop in ion-current at the 
end of the evaporation profile corresponds to the 
withdrawal of the probe. The detection limit of 1.0 pg 
obtained here for chromium is two orders of mag- 

nitude better than that reported for a similar tech- 
nique. 3o The use (in that work) of untreated glass 
capillaries for sample insertion could have con- 
tributed significantly to lowering the sensitivity. Fur- 
ther development of our technique, to minimize rising 
background signals and thereby produce an im- 
provement in detection limits, could involve either 
temperature-programming of the probe tip*’ or the 
use of polyimide-coated DC1 filament wires to elim- 
inate direct interaction between the sample and the 
wire.5’ 

At higher resolution some reduction of back- 
ground interference can be accomplished at the ex- 
pense of sensitivity. 33 A single-focusing magnetic- 
sector mass spectrometer with a maximum resolution 
of 2000 can accomplish this to a limited extent, and 
only in the low m/z range. In these experiments, a 
resolution of 1800 (10% valley definition) was used 
for all measurements except those for the 
Ni(Mezdtp)*, Ni(Et*dtp), and Co(dpm), derivatives, 
for which a resolution of 400 was used. Use of the 
higher resolution reduced the overall sensitivity by 
90% and necessitated more frequent tuning of the 
mass spectrometer to the top of the narrower peaks. 

In some cases the detection limit was governed by 
carry-over of small traces of the sample derivative in 
the mass-spectrometer probe inlet-lock, with atten- 

LL I 

TIME 

Fig. 2. Recorder responses for the introduction of ultra- 
trace amounts of Cr(II1) as Cr[dpm],. 

I 

TIME 

Fig. 3. Recorder responses for the introduction of sub- 
picogram amounts of Co(II1) as Co[dpm],. 
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Table 4. Relative sensitivitv of the EI. CI and NC1 modes. 

Relative sensitivity,t 
Cl@ 

Analyte* CI§ EIf NCIll 

Chromium(II1) 1 6 350 
Cobalt(III) 1 7 750 
Nickel(I1) 1 
Malathion 1 

ii 3 x IO’ 
124 

Ethion 1 IO9 71 

‘AnaIyte derivatives as in Table 1. 
tInstrumenta1 conditions adjusted to optimize sensitivity in each 

mode. 
BReagent gas methane (0.05 mmHg) primary electron energy 200 

eV, total emission current 0.500 mA, accelerating voltage 4.00 
kV, repeller voltage 0 V. 

SPrimary electron energy 70 eV, trap current 0.050 mA, accelerating 
voltage 4.00 kV, repeller voltage 0 V. 

(ITotal electron emission current 0.500 mA, all other instrumental 
conditions as given in Table 3. 

dant superimposition on the background signal for 
the blank. This is illustrated in Fig. 3 for cobalt at the 
sub-picogram level, and is a potentially limiting fac- 
tor for significantly volatile analytes at these ultra- 
trace levels. Nevertheless the extremely low detection 
limits obtained here for cobalt illustrate the high 
sensitivity of the NCI/direct sample-introduction 
technique. 

The detection limits for the nickel(U) derivatives of 
the ethion and malathion hydrolysis products were 
higher than those for the other analytes in this work, 
yet they still represent a significant improvement (by 
a factor of about 1000) on those attainable by the 
standard spectrophotometric method.37*” Our 
method offers a sensitive procedure for a series of 
similar organophosphorus4’ pesticides capable of 
similarly forming metal derivatives. Further 
refinement of this approach, coupled with use of 
ion-counting methods for negative-ion detection, 
should result in still lower detection limits. 

Comparative sensitivity of the EI, CI and NCI modes 

Comparative measurements were made by separate 
introduction of 100 ng of each derivative under opti- 
mum conditions for each ionization mode. The total 
charge detected from molecular or quasimolecular 
ions was measured and the relative sensitivities deter- 
mined (Table 4). The NC1 mode was found to offer 
the greatest sensitivity for all the analytes tested, 
except Ni(Et2dtp)2. The sensitivity is better than that 
obtained by the CI mode, by factors in the range 
100-1000, and this is consistent with predictions from 
a kinetic model for positive and negative chemical- 
ionization.52 The high enhancement for the nickel 
chelate may be a reflection of a very low tendency for 
the complex to undergo a proton-attachment reac- 
tion, which is consistent with the known chemistry 
for such a square planar complex with a transition 
metal as the Lewis acid centre.42 

It is noteworthy that the relative sensitivities deter- 
mined for the EI mode are all higher than the 
corresponding positive-ion CI sensitivities. This is 

probably due, at least in part, to the larger ion-source 
exit-slit area used. 
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Summary-The reaction between hydrogen peroxide and a mixture of cyanocuprate(1) species at pH 11.2 
is selectively catalysed by traces of osmium. With potentiometric or amperometric monitoring, osmium 
concentrations up to 1 ng/ml can be determined, with a lowest determinable concentration of 0.03 ng/ml. 
In the presence of luminol a Landolt-type reaction proceeds and visual or instrumental monitoring of the 
chemiluminescence can be used. A large number of other cations can be tolerated. The kinetics, 
mechanism, rate constants and Arrhenius parameters have been investigated. 

Many methods for the determination of osmium are 
based on its catalysis of various oxidation reac- 
tions.‘-3’ In the literature searches connected with our 
studies of catalytic methods we came across the 
report32 that the reaction between hydrogen peroxide 
and cyanide, in the presence of copper and luminol, 
can be used as a chemiluminescent clock reaction. 
Detailed study of the reaction reveals that it is 
sensitively and selectively catalysed by traces of os- 
mium. In the absence of the luminol (which serves 
only as an “indicator” in the clock reaction), the 
reaction can be monitored by potentiometry and 
amperometry, but with luminol present chemi- 
luminescent monitoring is also possible. 

EXPERIMENTAL 

Reagents 

Analytical grade reagents were used whenever possible. A 
1000-fig/ml standard osmium solution was made from 
commercially available osmium tetroxide, kept in the dark, 
standardized gravimetrically,33 and further diluted as re- 
quired. To avoid adsorption losses, standards of concen- 
tration below 100 ng/ml were made immediately before use. 

Solution A. Dissolve 0.0395 g of potassium cyanide, 
0.0543 g of cupric sulphate pentahydrate, 71.6 g of potas- 
sium dihvdrogen phosphate and 32.0 g of sodium hvdroxide _ __ _ 
in water, and dilute to 1 litre. 

Solution B. Standardize a 3% hydrogen peroxide solution 
by iodimetric titration’4 and dilute the required volume to 
1 litre to obtain a 1.176 x lo-* M solution. 

strutted for use with the Metrohm electrode head. The 
current was recorded at a chart speed of 2 cm/min. 

Chemiluminescence was observed visually in a dark- 
room, the reaction time being measured with a stopwatch. 

Procedure 
Prepare reagent solutions A and B freshly (they do not 

keep for more than 24 hr). Bring these and the neutralized 
sample solution to 20 5 0.2” in a water-bath. 

Potentiometric monitoring. Set up the apparatus and to 
the reaction vessel add 10 ml of the neutral sample solution 
(containing up to 10 ng of osmium) and 10 ml of solution 
A. Start stirring and recording. Once the signal becomes 
steady, add 10 ml of solution B. Continue recording until a 
sharp maximum is observed (Fig. 1). Repeat, using stan- 
dards and (for the blank) pure water instead of sample. 
From the recorded curve determine the reaction time t, (t”, 
for the blank). The corresponding distances on the chart can 
be used. Calculate the t3tL values. Plot the values for the 
standards against osmium concentration; the calibration 
graph is linear. 

Amperometric monitoring. Set up the apparatus with 
sample and solution A in the reaction vessel as above. Set 
the applied potential at zero and record the diffusion current 
as a function of time, at a sensitivity of 25-50 PA full-scale 
deflection. When the current is steady add solution B as 
above and continue recording until the “end-point” is 
reached (Fig. 2). Evaluate as above. 

Monitoring by chemihuninescence. Dissolve 1.24 g of lumi- 
no1 and 0.4 g of sodium hydroxide in about 100 ml of water, 
dilute to 1 litre, and add 20ml of this solution (which is 
stable for several months) to solution A before this is diluted 
to 1 litre. Mix the sample and solutions A and B in the dark, 

All kinetic measurements were made at 20 f 0.2”, unless 
otherwise stated, in Metrohm-type jacketed vessels fitted 
with Metrohm electrode heads; magnetic stirring was used. 

Potentiometric monitoring was done with platinum and 
saturated calomel electrodes, connected to a Radiometer 
model 26 pH-meter, the mV signal from which was 
recorded. 

Amperometric monitoring was done with a rotating 
platinum electrode (40&8g rpm) and saturated calomi 
electrode, at zero applied potential difference with no ZR 
compensation. A longer electrode than normal was con- 

Addition of solution B 

-I End-point 

L 

Sample 

200 SW TIME - I 

Fig. 1. Potentiometric traces. 
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‘L v Sample 

TIME 

Fig. 2. Amperometric traces. 

starting a stopwatch when solution B is added; stop the 
watch when a faint chemiluminescence appears. Altema- 
tively a photoelectric instrument can he used as detector. 

RESULTS AND DISCUSSION 

Optimization 

If we make the concentrations of hydrogen per- 
oxide and potassium cyanide 100 times those for 
solutions A and B (and adjust the concentration of 
copper accordingly to obtain a suitable reaction 
time), the catalytic action of osmium practically 
disappears, and only in the presence of 100 ppm 
osmium does the catalytic action become noticeable. 
It is worth noting that under such conditions cobalt 
is the most sensitive catalyst, and can be determined 
in the range 10-100 ppm. A lengthy optimization 
procedure resulted in the choice of concentrations 
used for reagents A and B. It may well be true that 
even lower reagent concentrations would allow the 
sensitivity to be extended further, but the end-points 
on recorded potentiometric and amperometric traces 
become less sharp under such circumstances. 

The sensitivity is maximal at pH 10.8-12.3, and for 
chemiluminescence monitoring the pH should be at 
least 11. If the pH is too high, however, some of the 
phosphate (used both as buffer and masking agent) 
may precipitate. We recommend using pH 11.2. 

The role of the masking agent is to eliminate 
interferences from other (mainly metallic) ions, which 
would otherwise catalyse the reaction either on their 
own, or in combination with osmium. Of the obvious 
agents we tried tartrate, citrate, fluoride, phosphate 
and EDTA both on their own and in combination. 
Phosphate was found not only to act as a masking 
agent, but also to give remarkable enhancement of 
the catalytic effect of osmium (it also somewhat 
enhanced the effect of certain other elements, includ- 
ing Cu, Ag, Ru, MO, W, U, Zn, Al, Ni, Cd and Co). 
Replacing phosphate by fluoride made the reaction 
rather insensitive to osmium, and cobalt was the most 
efficient catalyst. Tartrate, citrate or EDTA will 
prevent production of the chemiluminescence, but 
will not affect the potentiometric or amperometric 
monitoring. 

The temperature affects the reaction times but not 
the sensitivity. The electrometric end-points are 
sharper at lower temperatures; 20” is recommended 
as optimal. 

Results obtained with (simultaneous) ampero- 
metric and potentiometric monitoring are shown in 
Table 1. Results obtained by visual monitoring of 
chemiluminescence are less sensitive (c,,,,, = 0.05 
ng/ml) and precise. 

Interferences 

The interference of 37 ions was studied by 
measuring the reaction time for 0.05-ng/ml osmium 
in the presence of increasing amounts of interferent, 
and calculating the inverse of its ratio to the reaction 
time with no interferent present. A ratio between 0.95 
and 1.05 was taken as indicating no interference. The 
results are listed in Table 2. Ratios less than 0.95 can 
be taken as resulting from reaction of the interferent 
with hydrogen peroxide, making the reaction time 
longer. Full details are given in a thesis.37 

It can be seen that the tolerance limits are 
O.O05pg/ml for Ni and Mn, O.O5pg/ml for Cu, 
0.5 ppm for MO, W, Al, Cr, Ru, Au, Ag and Rh, 
5 pg/ml for Co, V, Pd, Hg, Ce and Fe(III), 50 pg/ml 
for Ti, Zn, Fe(II), U, Pt, Re, Pb, Ba, Cd, La, Ir, Sb 
and Sn, and 500ppm for Sr, Ca, Mg, Y, Zr and Se. 
Na and K did not interfere at even higher concen- 
trations. Some tolerance levels may be slightly higher 
than those listed above, and may be obtained by 
interpolation in Table 2. 

Kinetic study 

Whenever a new catalytic method is introduced, it 

Table 1. Results obtdlned for calibration* 

fL, 
C&, w/ml xc to/t, f AC, nglmlt 

0.0 234.4 1.00 0.021 
0.2 173.4 1.35 0.018 
0.5 128.1 I .83 0.016 
0.6 115.6 2.03 0.016 
0.8 100.0 2.34 0.017 
1.0 87.5 2.68 0.020 

*Equation of the calibration line (with tolerance limits at 0.95 
significance level): 

~=~+bC~=(1.006~0.01)+(1.67~0.02& 

where C, is in ng/ml. 
Coefficient of correlation: I = 0.9998. 
Lowest determinable concentration of osmiun-P5 

Cln,” 
T(s,+cs,) 

= ~ = 0.03 ng/ml 
b +s, 

where s,, S, are the standard deviations of the intercept (0.0098) 
and slope (0.016) respectively, fr are the limits of integration 
of the Student distribution function (here T = 2.78 forf= 4 and 
P =0.95), and Z is the average of the concentration values 
(0.52 ng/ml). 

tBase.d on the formulaj6 

where s, is the standard deviation of points about the line 
(0.013). m = 6, n = 3 (i.e., 3 replicate determinations for each 
sample). 



Determination of traces of osmium 

Table 2. Interference study 

[Interferent], Ratio tL (no interfere.nt)/(f, (interferent present) 

Interferent ngjml 500 50 5 0.5 0.05 5 x lo-’ 5 x 10-4 5 x 10-S 

Ni(I1) 
Cu(II) 
Co(I1) 
Mo(V1) 

WW) 
Cr(III) 
Al(II1) 
Ru(II1) 
Au(II1) 

A8(I) 
V(V) 
Pd(I1) 
Ti(II1) 

IWII) 
Zn(I1) 

FetII) 
WI) 
PWV) 
Pb(I1) 
Sr(I1) 

Re(vII) 
Ca(I1) 

M8(III) 
Y(II1) 

WV) 
WVI) 
Ba(I1) 

WII) 
La(II1) 
Ir(II1) 
Sb(II1) 
Ce.(III) 
Sn(I1) 
Sn(IV) 
Fe(II1) 
Rtl(II1) 

l 

* 

1 

21.86 
17.00 

l 

3.19 
* 
I 
* 

6.40 
4.94 
1.53 

* 

1.85 
1.22 
1.14 
1.06 
1.20 
1.02 

0.99 
0.99 
0.97 
0.95 
0.95 
0.93 
0.94 
0.93 
0.69 
0.69 
0.74 
0.68 
0.66 
0.84 
0.23 

t 

10.20 8.50 1.71 1.10 
l 9.13 1.57 1.06 
* 1.51 1.01 1.00 

4.37 1.39 1.02 0.99 
3.33 1.25 1.03 1.00 
5.10 1.24 1.05 1.01 
I .47 1.20 I .04 1.00 
5.07 1.20 I .03 I .oo 
4.33 1.16 I .03 0.99 
2.50 1.16 1.02 0.99 
1.52 1.02 0.98 1 .oo 
1.26 1.03 1.01 1 .oo 
1.04 1.01 1 .oo 1 .oo 
1.63 1.02 1.01 1 .oo 
1.03 1.01 1 .oo 1 .oo 
0.96 0.99 1 .oo 1 .oo 
1.04 0.98 1 .oo 1 .oo 
1 .oo 1.01 1 .oo 1 .oo 
0.99 1.02 1.00 I .oo 
1.00 0.99 1 .oo 1.00 
0.98 0.99 1.00 1.00 
1.01 1.00 1.00 1.00 
1.00 1.00 1.00 I .oo 
1.01 1.00 1.00 1 .oo 
1.02 0.99 1.00 1 .oo 
0.98 1.00 1.00 1 .oo 
0.98 1.01 1.00 1 .oo 
0.98 I .02 1.00 1.00 
0.97 1.01 1.00 1.00 
0.96 1.01 1.00 1.00 
1.01 0.99 1.00 1.00 
0.93 0.97 1.00 1.00 
1.04 1.01 0.99 1.00 
1.04 0.98 1.01 I .oo 
0.83 0.96 0.99 1.00 
0.29 0.84 0.96 1.01 

Mn(I1) t 0.76 0.87 0.93 

1.01 
0.99 
I .oo 
1 .oo 
1 .oo 
1 .oo 
1.00 
1.00 
1.00 
1.00 
1.00 
1 .oo 
1.00 
1 .oo 
1.00 
1 .oo 
I .oo 
1 .oo 
1 .oo 
1.00 
1 .oo 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
I .oo 
I .oo 
I .oo 
I .oo 
I .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.97 

1 .oo 
1 .oo 
1 .oo 
1.00 
1.00 
1 .oo 
1.00 
I .oo 
1 .oo 
1 .oo 
1.00 
1.00 
1 .oo 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
I .oo 
1.00 
I .oo 
I .oo 
I .oo 
I .oo 
I .oo 
1 .oo 
1.00 
1 .oo 
1.00 
1.00 
1.00 
I .oo 
1 .oo 
1 .oo 

1.00 
1.00 
1.00 
1.00 
I .oo 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1 .oo 
1.00 
I .oo 
I .oo 
I .oo 
I .oo 
1 .oo 
I .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1.00 
1.00 
1.00 
1 .oo 
1 .oo 
1 .oo 
1.00 
1.00 
1 .oo 
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*Immediate reaction. 
tVery slow reaction. 

is important to examine the kinetics and mechanism gen, cyanate, copper(I) and at least two different 
to find those parameters which influence the rates of cyanocuprate(1) ions. Several of these may be in- 
the individual reactions and the sensitivity of the volved in the rate-determining step. The simplified 
determination. A working hypothesis for the mech- mechanism proposed below is based on the following 
anism reduces the number of experiments needed. experimental facts.37 

The purpose of the kinetic study was to find a 
mechanism for both the uncatalysed and catalysed 
reactions, consistent with the kinetics, explain the 
shape of the calibration curve, and determine the 
Arrhenius parameters. 

When formulating our working hypothesis for the 
mechanism and kinetics of the uncatalysed reaction, 
we made use of numerous reports in the literature,3U 
even though some of these regarded the oxidation of 
luminol as an essential step in the process. The 
information available on the hydrogen 
peroxide-cyanide reaction (in the absence of cop- 
per)4H9 also contained useful guidelines. As for the 
mechanism of the reaction in the presence of osmium, 
the earlier papers 27~*53 all suggested that the catalytic 
action of osmium is based on an Os(VI)/Os(VIII) 
cycle. 

1. Though hydrogen peroxide reacts with cyanide 
in the absence of copper, this reaction is so much 
slower than the one proceeding in the presence of 
copper, that its rate can be excluded from the rate 
equations. For the bimolecular reaction between hy- 
drogen peroxide and cyanide, Masson found the 
value 1 x lo-) l.mole-’ .sec-’ for the second-order 
rate constant. It is possible to postulate a mechanism 
for this reaction that involves two simultaneous 
processes3’ and to calculate the appropriate rate 
constant. The figure for the uncatalysed rate constant 
obtained in this way is equal (within 2%) to the figure 
quoted below. 

It must be emphasized that the mechanisms de- 
scribed below are simplified in many ways. Even in 
the absence of osmium the reaction system will 
contain hydroperoxide (HOO-), hydroxide, hydro- 

2. It has been possible to establish3’ that the 
uncatalysed reaction is first order with respect to 
hydrogen peroxide and second order with respect to 
copper. Also, the catalysed reaction was found to be 
first order with respect to osmium. 

3. The rate depends on pH and shows a definite 
maximum at pH 11.3 (Fig. 3). As this pH is close to 
pK,, for hydrogen peroxide” we may speculate as to 
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which species (H,O,, HOO- or even the adduct 
[H,Oz.HOO-I) is involved in the reaction. However, 
the hydrogen-ion concentration could not be varied 
in a wide enough range for sound experimental 
results to be obtained. Thus, we omitted hydrogen 
and hydroperoxide ions from all the mechanisms, and 
simply based them on molecular hydrogen peroxide. 
In any case, in the analytical procedure we recommed 
the use of a pH 11.3 buffer and the nature of the 
peroxide species is unimportant from the practical 
point of view. 

The uncatalysed reaction. In the absence of os- 
mium, the predominant cyanocuprate(1) species in 
the solution is Cu(CN),, produced by the overall 
reaction 

2Cu*+ + SCN- + 20H-+ 

2Cu(CN); + CNO - + H,O (1) 

This dicyanocuprate(1) ion then forms an adduct with 
hydrogen peroxide: 

Cu(CN), + Hz0 Z & Cu(CN), . H20; (2) 

which then reacts with another dicyanocuprate(1) ion: 

Cu(CN),.H,O; + Cu(CN), 2 

2Cu*+ + 20H- + 4CN- (3) 

Reaction (3) is rate-determining. Note that by adding 
reactions (lt(3) we can express the overall process 
simply as 

H202 + CN- - CNO- + H,O (4) 

That is, in the process, hydrogen peroxide and cy- 
anide ions are consumed. The rate of disappearance 
of hydrogen peroxide (the “uncatalysed” rate) can be 
expressed as 

d{H,O,J 
- dt “” ( ) 

= k, {[Cu(CN), . M%l - 1 {WCNL 1 (5) 

where the braces { } stand for instantaneous (actual) 
concentrations. Applying the law of mass action to 

6 

PH 
Fig. 3. Variation of the reciprocal reaction time with pH in 

the absence (A) and presence (B) of osmium. 

reaction (2) we have 

K = WWN),~WT) 
* PCN);JP2Od 

(6) 

The following mass-balance equation can be written 
for copper: 

cc, = {Cu*+ } + {Cu’ } + {Cu(CN); } 

+ {F-WCN),~ W,l- > = {CWN); 1 (7) 

Here cc” is the “analytical” or “total” concen- 
tration of copper, which remains constant during 
each experiment. As long as free cyanide is present, 
the approximation expressed by equation (7) is valid. 
By combining equations (5)-(7) we can express the 
reaction rate as 

=k,&{H202~ (8) 

where k,,( = k,K,) is the uncatalysed rate constant. 
Expression (8) now represents a pseudo first-order 
rate equation, which can be integrated with the 
boundary conditions that at the beginning of the 
reaction (time zero) the concentration of hydrogen 
peroxide is its initial value {H202}0, while at the 
end-point (time = t”,), when practically all the free 
cyanide is used up, its concentration decreases to 

NO. 

Table 3. Kinetic study of the uncatalysed reaction 

P-W&~ P=- 10, CC” 3 to 
lO-sM & 

k ““3 
IO-‘M 10-4M 10’1=.mole-=.sec-’ 

1 I .76 2.02 7.25 645.3 3.54 
2 2.34 2.02 7.25 462.5 3.69 
3 2.90 2.02 7.25 364.1 3.19 
4 3.51 2.02 7.25 312.5 3.64 
5 4.10 2.02 7.25 262.5 3.71 
6 5.21 2.02 7.25 190.0 4.03 
I 2.70 2.02 7.25 390.6 3.79 
8 2.70 2.17 7.25 529.7 4.73 
9 2.70 2.31 7.25 746.8 4.74 

IO 2.70 2.60 7.25 2278.1 2.47 
11 3.10 1.98 6.40 890.6 3.38 
12 3.10 2.00 6.82 531.3 3.87 
13 3.10 2.02 7.25 340.6 3.79 
14 3.10 2.04 7.68 254.7 2.67 
15 5.90 2.02 7.25 187.5 3.59 
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{H,Ozjo - [(CN- 1 - 5 cc,]. Integration yields the fol- 
lowing expression for the uncatalysed rate constant: 

km = 
{HzO& 

{H,O~)O-{CN-}Offcc, 
(9) 

By varying the initial concentrations of hydrogen 
peroxide, cyanide and copper (within limits imposed 
by practicality) and measuring the tt reaction times, 
values for k,, were calculated and are shown in Table 
3. The value of k,, remains constant for a wide range 
of reaction times, thus verifying the mechanism. 
An average value of ku, ==(3.70+0.33) x IO3 
l* . molem2. set-’ is obtained for this third-order rate 
constant. The 95% confidence limits are given 
(fO.33 x 103). 

The catalysed reaction. In the following reaction 
scheme the actual ionic forms of osmium(V1) and 
(VIII) are not identified, but simply denoted as Os6+ 
and OS’+. 

When osmium tetroxide is added to the mixture, it 
will oxidize cyanide in a fast reaction. The overall 
process follows the stoichiometry 

OS*+ + CN- -t 20H- - 0s6+ + CNO- + H,O 

(10) 

When hydrogen peroxide is added, re-oxidation of 
the osmium takes place: 

H202 + 0s6+ 2 OS*+ + 20H- (11) 

Step (11) is rate-determining. Though slow, it is faster 
than step (3), hence the catalytic effect of osmium. 
Note that the sum of steps (10) and (11) again equals 
the net reaction (4). Thus, both copper and osmium 
are acting as catalysts. 

The rate of the catalysed reaction can be expressed 
from (11) as 

-pi!!+\ 
= k,, (H202) {Os6+ 1 (12) 

\ at /cat 
The concentration of the osmium(V1) is unknown, 
but because reaction (10) is much faster than (1 I), it 
can be regarded as equal or at least proportional to 
the analytical concentration of osmium 

{os6+} = ccc, (13) 

where a is an unknown constant. Combining equa- 
tions (12) and (13) gives 

(14) 

where k,,, (= k,,cc) is a second-order rate constant. 
Since ch is constant for a given experiment, again a 
pseudo first-order rate expression results, which is 
easier to handle mathematically. 

The overall rate. Unlike the uncatalysed reaction, 
the catalysed process cannot be examined experi- 
mentally on its own, as under the conditions of the 
analytical procedure both reactions always proceed 

simultaneously. Hence the overall rate has to be 
expressed, by adding equations (8) and (14), as 

dPI2023 = [k -~ 
dt unc& + katcoslP,W (15) 

This differential rate equation can be integrated with 
the boundary conditions described earlier. Denoting 
the Landolt-reaction time by t,, we can express the 
rate constant k,, as 

03202 10 

{H202}0-{~~-~O+~CCu 
> 1 -kuncEu 

(16) 

We tested this equation experimentally by varying the 
initial concentration of hydrogen peroxide, and the 
analytical concentration of osmium (within as wide 
ranges as possible), measuring the reaction times and 
calculating the k,, value with equation (16). It was 
not possible to vary either the cyanide or the copper 
concentrations enough to support our mechanism, as 
their variation (just as in the case of the uncatalysed 
reaction, cf. Table 4) caused rather drastic changes in 
the reaction times. Their levels were kept at those 
recommended for the analytical procedure. As Table 
4 indicates, however, the value of k,, remains fairly 
constant (even though the errors in the k,, rate 
coefficient are included and magnified in the expres- 
sion). Thus, for the concentration range covered, we 
can accept the proposed mechanism and kinetics. The 
mean of the k,, values is (11.27 k 1.22) x lo6 
1 .mole-’ set-’ (95% confidence limits). 

The calibration curve 

By combining equations (9) and (16) we can ex- 
press the ratio tf/tL, used when constructing the 
calibration curve, as 

(17) 

Thus when tj”tL is plotted against c,, a straight line 
is expected, with an intercept of 1.00. The experi- 
mental calibration lines (cj Table 2) agree with these 
predictions, showing again that the proposed mech- 
anism and kinetics are basically correct. 

Table 4. Kinetic study of the catalysed reaction* 

w$lI$ ,J3jM fL 3 k eat, 
NO. xc 10~1.m01e-‘.sec-’ 

1 1.76 8.76 448.4 8.20 
2 2.34 8.76 317.2 9.99 
3 2.90 8.76 240.6 12.07 
4 3.51 8.76 207.8 10.51 
5 4.10 8.76 178.1 10.49 
6 5.27 8.76 137.5 10.72 
7 5.90 8.76 119.7 11.60 
8 5.90 10.51 105.5 13.47 
9 5.90 14.02 93.5 13.19 

10 5.90 17.52 80.1 14.18 
11 5.90 3.50 157.8 5.58 

*cc. = 7.250 x 1O-5 M, {CN-}, = 2.022 x 1O-4 M. 
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Table 5. Effect of temperature on reaction time* 

Temperature, &, LT. L 
“C set set F(T),, F(T),, 1o’I=.moh-=.sec-’ 

14.0 278.1 220.3 - 179.81 - 110.72 2.40 
16.7 234.2 190.6 - 178.46 - 110.95 2.89 
20.1 187.5 157.8 - 176.71 -111.12 3.63 
23.5 148.4 128.9 - 174.86 - 110.60 4.54 
26.7 120.3 107.0 - 173.21 - 110.28 5.57 
29.7 100.0 90.6 -171.75 - 110.58 6.73 

l {H202}o = 5.9 x lo-’ M, {CN-}, = 2.022 x IO-’ M, ecu = 7.25 x IO-’ M, c, = 3.50 x 
lo-” M. 

Temperature eficts. Reaction rates vary strongly 
with temperature. The temperature dependence of a 
rate constant kT can be expressed by the modified 
Wynne-Jones-Eyring” equation: 

k,=rexp($)exp( -g) (18) 

where kT is the rate constant at absolute temperature 
T, k is the Boltzmann constant, h is Planck’s con- 
stant, R the gas constant, AS2 the entropy of activa- 
tion and AHf the enthalpy of activation (the so-called 
Arrhenius parameters). To investigate the reactions 
of interest, equations (18) and (9) can be combined to 
define a temperature function (F(T),, for the un- 
catalysed reaction: 

) 

P-bQ 10 
{H,O,},-{CN-},+$cc, (“) 

while for the catalysed reaction, combination of (18) 
with (16) gives 

AH!., 
Wk,, = AS$t - T 

h 
=Rln- 

kTco, 

(20) 

In these equations & and t,,, represent the 
Landolt-reaction times at absolute temperature T for 
the uncatalysed and catalysed processes, respectively, 
while k;,“, is the uncatalysed rate constant at tem- 
perature T, as calculated from equation (18). Plotting 
the F(T) values against the reciprocals of the absolute 
temperatures gives straight lines (“modified” Ar- 
rhenius plots) with intercepts equal to the entropies 
of activation, and slopes giving the enthalpies of 
activation. 

To determine these parameters experiments were 
done at different temperatures, in the absence and 
presence of osmium. Initial concentrations of all the 

3.3 3.4 3.5 k 

103/1 (deg-‘1 

Fig. 4. Modified Arrhenius plots for the (A) uncatalysed and 
(B) catalysed reactions. 

reactants were kept constant. The results are shown 
in Table 5 and Fig. 4. 

Linear regression analysis provided the following 
values for the Arrhenius parameters (95% confidence 
limits): 

ASa. = -23.1 f 3.8 J.molee’.K-’ 

A&= -102+ 16J.mole-‘.K-’ 

AH’,, = 45.0 + 1.1 kJ/mole 

AHi, = 2.5 f 4.8 kJ/mole 

It is noteworthy that the enthalpy of activation of the 
catalysed reaction is exceptionally low (the Arrhenius 
plot is almost horizontal), which is in fact a mani- 
festation of the high catalytic activity of osmium and 
accounts for the high sensitivity of the method. The 
error (4.8 Id/mole) of AH:, is no greater than would 
normally be expected from such measurements, in 
which the errors of the uncatalysed parameters are 
also accumulated [cf. equation (20)]. 
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Zusammenfasaung-Die elektrochemischen Untersuchungen von bis(Diphenyldithiophosphin) Disulfid 
(R&SF), und Diphenylquecksilberdithiophosphinat [(RS),Hg], erfolgten in kthanol-Lithiumperchlorat 
und Athanol-Schwefelsiiure Medium durch die Methoden der klassischen Polarographie, und Elektrolyse 
bei kontrollierbarem Potential und eine rotierende Scheibenelektrode. Die Ergebnisse weisen darauf hin, 
dal3 RSSR nicht direkt auf einer Quecksilbertropfelektrode reduziert, sondem erst adsorbiert wird. 
AnschlieDend unterliegt es einer schnellen chemischen Reaktion unter Bildung von elektroaktivem 
(RS),Hg. Die Elektrolyse bei kontrollierbarem Potential bestiitigt, daB (RS),Hg eine Zwei- 
elektronenreduktion eingeht, bei der als Hauptprodukt Diphenyldithiophosphinsaure (RSH) gebildet 
wird, wHhrend die Oxydation von RSH zur Erhaltung von (RS),Hg fiihrt. Obwohl das chemische und 
das Adsorptionsgleichgewicht bei der Reduktion von RSSR und (RS),Hg sehr kompliziert ist, ist die 
coulometrische Generierung von RSH nicht schwer und erlaubt den Einsatz von RSSR als coulo- 
metrisches Reagens. 

Die Wechselwirkung der Dithiophosphinsiiuren mit 
den Ionen einer grol3en Anzahl von Metallen ist 
eingehend untersucht.’ Als analytische Reagenzien 
haben sie zur Extraktionstrennung der Elemente vor- 
wiegend mit spektrophotometrischer Registrierung 
Anwendung gefunden.*,’ Ein Teil der Dithio- 
phosphinatkomplexe absorbieren kein Licht im 
sichtbaren Spektralbereich, was ihren extraktions- 
photometrischen Nachweis betrgchtlich erschwert. In 
dieser Hinsicht erweisen sich die unterschiedlichen 
elektrochemischen Methoden, insbesondere Polaro- 
graphie und Coulometrie, die ziemlich hliufig bei der 
Untersuchung der verschiedenen Klassen organischer 
schwefelhaltiger Reagenzien zum Einsatz kommen,4*5 
als sehr wertvoll. 

von genau bestimmten Mengen an 1 x lO_lM RSSR’ und 
0,4 x 10m3M (RS),Hg verwendet. 

ERGEBNISSE UND DISKUSSION 

Elektrochemische Untersuchungen in k’thanol-0,2M 
LiCIOd Medium 

Polarographie von RSSR und (RS), Hg auf Queck- 
silbertropfelektrode. Auf dem Polarogramm sind zwei 
Reduktionswellen zu sehen (Abb. 1): Eljz der ersten 
Welle liegt bei -0,45 V, Eli2 der zweiten dagegen bei 
-0,8 V. Die DiffusionsstrBme beider Wellen verln- 
dern sich linear mit Zunahme der RSSR- 
Konzentration. Die Reduktion des Disulfids erfolgt 
nach der Gleichung 

Mit Hilfe der klassischen Polarographie, der El- 
ektrolyse bei kontrollierbarem Potential und einer 
rotierenden Scheibenplatinelektrode wurde das Ver- 
halten von RSSR hinsichtlich dessen Anwendung als 
coulometrisches Reagens untersucht. 

RSSR + 2e- + 2H++2RSH 

Die Gleichung der polarographischen Welle 

(1) 

. . 
Ede = E’ + 0,029 log 

( > 
y (2) 

EXPERIMENTELLER TEIL 

Geriite 

Polarographen OH-103 und OH-105 (Radelkis, Ungam), 
Potentiostat P-5848 (UdSSR), rotierende Scheiben- 
platinelektrode,6 und Spektrophotometer Specord UV-VIS 
(DDR). Die Charakteristik der Kapillare in &hanol-O,2M 
Lithiumperchlorat war m = 3,51 mg/sec; t = 1,95 sec. 

Alle elektrochemischen Untersuchungen erfolgten bei 
20 k 1”. Sauerstoff wurde mittels Durchleitung reines 
Argons aus der Lijsung entfemt. Als Vergleichselektrode 
diente eine geslttigte Kalomelelektrode. 

Reagenzien 

zeigt da13 E eine lineare Funktion von log (id - i)/i* 
mit einer Steigung von 0,029 V ist. Dies bestgtigten 
such die experimentellen Ergebnisse fiir Kon- 
zentrationen von 1 x 10-j bis 1 x 10m4M RSSR, 
nach denen die oben erwiihnte AbhPngigkeit als eine 
Gerade mit einer Neigung von 0,03@0,033 V er- 
scheint. TrSigt man id gegen Hi auf, erhllt man eine 
durch den Ursprung laufende Gerade (H = Hijhe des 
Quecksilberniveaus). Diese Angaben weisen darauf 
hin, daD der elektrochemische Prozel3 durch die 
Diffusion begrenzt wird. 

Ethanol, p.a., SchwefelsLure, pa., Lithiumperchlorat, Erhijht sich die Konzentration urn das Zehnfache, 
~.a., (Merck), und destilliertes Wasser. Es wurden Lijsungen so verschiebt sich E,,, der ersten Welle nach den 
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Abb. 1. Klassisches Polarogramm von 1 x 10e4M RSSR in 
Athanol-O,ZM LiCIO, 

negativeren Potentialen unter Nichtbeachtung der 
linearen Abhlngigkeit & = E - 0,029 log &/2. Die 
in Athanol in Abwesenheit und dann in Gegenwart 
von RSSR aufgenommenen elektrokapillaren Kur- 
ven zeigen eine Depression, die auf einen 
AdsorptionsprozeB zuriickzufiihren ist (Abb. 2). 

Diese Angaben sprechen lIir einen komplizierten 
ProzeD bei der Red&ion von RSSR und Gleichung 
(1) gibt lediglich unvollstandig die Natur der elek- 
trochemischen Wechselwirkungen wieder. 

Die fur 1 x 10e4M RSSR und 1 x 10e4M (RS)*Hg 
erhaltenen Polarogramme weisen identische Wellen 
auf, wobei E,,* von (RSXHg urn etwa 0,OS V nach den 
positiveren Potentialen als E,,2 von RSSR verschoben 
wird. (RShHg geht folgende elektrochemische Re- 
aktion ein: 

(RS&Hg + 2e- + 2H+-+2RSH + Hg 

Die Gleichung der polarographischen Welle ist mit 
Gleichung (2) identisch. Ein Gem&h von RSSR und 
(RS)*Hg ergab eine verzerrte Zwischenwelle, wobei 
die lineare Abhangigkeit des Potentials Ede von 
log(i, - i)/i* im Unterschied zu RSSR nicht befolgt 
wird, was auf einen Komplizierten ProzeB hindeutet. 

Polarographie von RSSR und (RS),Hg auf rotier- 
ena’er Scheibenplatinelektrode. Wird RSSR auf einer 
Quecksilbertropfelektrode direkt reduziert, ohne 
einer chemischen Reaktion zu unterliegen, so sollte es 
ebenfalls auf einer rotierenden Scheiben- 
platinelektrode mit annlihemd gleichen Poten- 
tialen reduziert werden. Die Polarogramme beider 
Verbindungen wurden auf einer zweimal mit heiber, 

2.01 I I I I I 1 I 
0.2 0.4 0.6 06 I.0 1.2 I.4 

E(V) 

Abb. 2. Elektrokapillarkurve von 1 x lo-)M RSSR in 
khanol42M LiClO,; 1. in Abwesenheit von RSSR: 2. in 

Gegenwart von RSSR. 

konzentrierter Salpeterslure behandelten und nach- 
einander mit destilliertem Wasser und Athanol 
gewaschenen Platinelektrode erhalten. Die untere 
Grenze bei einer Kathodenpolarisation in 
b;thanol-O,2M Lithiumperchlorat liegt bei - 1,05 V 
gegen die geslttigte Kalomelelektrode. Fur RSSR- 
Liisungen wurde in den Grenzen 0,0%1,05 V kein 
Kathodenpolarogramm erhalten. Fiir (RS)*Hg- 
Liisungen erschien eine Einzelwelle mit E,,* bei - 0,45 
V. Bei einer zweiten Elektrolysierung der schon ein- 
ma1 benutzten RSSR-Liisung ohne Entfernung des 
Quecksilberhlms auf der Platinelektrode wurde eine 
Kathodenwelle mit E,,* ihnlich wie fur (RS),Hg 
erhalten. Wird die Elektrode nach dem Hg- 
Dithiophosphinatpolarogramm mit he&r, kon- 
zentrierter Salpetersiiure, dest. Wasser und Athanol 
gereinigt, so ergibt RSSR keine Kathodenwelle. 

Die Ergebnisse zeigen, daB RSSR vor der Elek- 
troreduktion eine chemische Reaktion mit Queck- 
silber eingehen mul3. Auf reiner rotierender Schei- 
benplatinelektrode wird praktisch keine Ka- 
thodenwelle von RSSR beobachtet. 

Die lineare Abhiingigkeit des Stroms i,, von Hf 
und der RSSR-Konzentration beweist, da13 diese 
Reaktion mit groBer Geschwindigkeit verlauft. 

Elektrolyse von RSSR bei kontrollierbarem Poten- 
tial. Zur Untersuchung der Elektrolyse bei kon- 
trollierbarem Potential wurden Liisungen von 
1 x lo-‘M RSSR in Athanol-O,2M Lithium- 
perchlorat eingesetzt. Das Volumen der elek- 
trolysierten Losung betrug 50 ml und das des Queck- 
silbers 20 ml. Das Potential wurde bei - 1,00 V, der 
Hauptwelle von RSSR auf der Tropfelektrode, kon- 
stant eingehalten. Urn den Strom bei der Elektrolyse 
zu kontrollieren, wurde eine keinen elektroaktiven 
Stoff enthaltende Lijsung untersucht. Dabei war kein 
StromfluB zu beobachten. 

Nach Zugabe der RSSR-Losung bei offener Kette 
1ieD sich auf der Quecksilberkathode ein weiDlicher 
Niederschlag erkennen. Sein UV-Spektrum zeigt ein 
Absorptionsmaximum &, = 260 nm und un- 
terscheidet sich dadurch von RSSR mit A,,,,, = 220 
nm. Die Analyse der erhaltenen IR-Spektren weist 
auf die Anwesenheit von (RS)*Hg mit 
Schmp. = 274 + 1” hin. Die mit dem praparativ 
gewonnenen (RS)*Hg verglichenen Angaben stimmen 
vijllig iiberein. 

Urn die Elektrolyseprodukte qualitativ zu besti- 
mmen, wurden nach einer 0,2%igen Abnahme der 
Stromstlrke 20 ml der elektrolysierten Liisung ent- 
nommen und portionsweise zu je 10 ml zu Ni*+ und 
Co*+ Ionen enthaltenden Losungen getropft. Die 
erhaltenen Sedimente wurden mit Dichlorathan in- 
nerhalb von drei Minuten extrahiert. Gleich darauf 
wurden ihre Absorptionsspektren aufgenommen 
(Abb. 3). Sie zeigen eine viillige Ubereinstimmung mit 
den von Larionov u.a. erzielten Ergebnissen.* 

Die Zahl der am ReduktionsprozeD beteiligten 
Elektronen wurde fur zwei Bestimmungen ermittelt 
n = 2,02 k 0,06.9 
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Das Erhalten von (RS)2Hg ist ein Beweis dafiir, 
daB RSSR nicht direkt auf der Quecksilbertropfelek- 
trode reduziert wird, sondern erst in eine zur Bildung 
von (RS),Hg fiihrende chemische Reaktion tritt, das 
als die elektroaktive Komponente erscheint. 

Zusammenfassend lagt sich folgern, daD RSH das 
Endprodukt der Elektrolyse ist. Die wahrscheinlichen 
Beziehungen von RSSR auf der Quecksilbertropf- 
elektrode sind nach dem folgenden Schema wieder- 
zugeben: 

RSSR + Hg-+Hg[RSSR],,, 

Hg[RSSR],d, - 2c --+](RS)2Hg],, 

[(RS),Hg],,, + 2e- + 2H++2RSH + Hg 

Die wahrscheinlichen Beziehungen von (RS), Hg auf 
der Quecksilbertropfelektrode sind schematisch fol- 
genderweise zu veranschaulichen: 

(RS), HgtiS + 2e - + 2H + +ZRSH,,, + Hg 

2RSHL6, + Hg=[(RS), Hg],, + 2e - + 2H + 

[(RS), Hglad, + 2e- + 2H + -*2RSH + Hg 

Elektrochemische Untersuchungen in rh’thanol-1M 
Schwefelsiiure 

Die polarographischen Kurven fur un- 
terschiedliche Konzentrationen sind auf Abb. 4 zu 
sehen. 

Wenn man die polarographischen Wellen bedingt 
in einzelne Potentialzonen einteilt, so erkennt man bei 
niedrigeren Konzentrationen nur einen storenden 
ProzeD, bei hijheren Konzentrationen dagegen drei 
solcher Prozesse. Zur Ermittling ihrer Natur wurden 
Elektrokapillarkurven in Ethanol-1M Schwefeldure 
Medium aufgenommen (Abb. 5). Die hier ebenfalls 
zu beobachtende Depression deutet auf das Vor- 
handensein eines sich auf dem Quecksilbertropfen 
adsorbierenden Stoffes hin. Bei hiiheren RSSR- 
Konzentrationen nimmt die Adsorption zu und die 
verzogerte Stromzunahme lal3t auf die Bildung eines, 
die elektrochemische Reaktion hemmenden, un- 
liisbaren Films von Molekiilen des Depolarisators 
auf der Quecksilberoberfllche schlieBen. 

(a) (b) 
nm “m 

600 700600 600 700600 

07 

096 

OS5 

24 22 20 I6 16 14 

x 1000 cm-’ 

Abb. 3. Absorptionsspektren in Dichlorlthan, b = 1 cm, 
von (a) 1. (RS),Ni; 2. Ni’+ + RSSR nach Elektrolyse; (b) 1. 
(RS),Co; 2. Co2+ + RSSR nach Elektrolyse. 

EIV) 

Abb. 4. Klassische Polarogramme von RSSR in 
Athanol-l M &SO, Medium. 1. 0,5 x lo-4M; 

2. 1 X lo-4M; 3. 1,s x lo-4M; 4. 0,3 x 10-3M. 

4 

2.00s 
0.2 0.4 0.6 0.8 I.0 1.2 I.4 1.6 

E(V) 

Abb. 5. Elektrokapillarkurven von 1 x lo-)M RSSR in 
Athanol-1M H,SO, Medium; 1. in Abwesenheit von 

RSSR; 2. in Gegenwart von RSSR. 

Die schnelle Stromzunahme bei den nagativeren 
Potentialen 1aDt sich wahrscheinlich auf die Reduk- 
tion dieses Films zuriickfiihren, indem RSSR schnell 
mit Hg reagiert unter Bildung eines unlijsbaren Films 
aus (RS)2Hg, der jedoch bei Kathodenpotentialen, 
negativer als 0,12 V, reduziert wird. 

Es ergibt sich fur die erste Welle eine nichtlineare 
Abhlngigkeit der Stufenhohe von der Konzentration, 
die auf einen AdsorptionsprozeB hinweist. Der Strom 
dieser Welle ist ziemlich unabhlngig von fi, was 
einen kinetischen ProzeI3 voraussetzt. Die auf dem 
Plateau der po!arographischen Kurven gemessenen 
Striime sind Hi proportional und befinden sich in 
linearer Abhangigkeit von der RSSR-Konzentration, 
welches fur eine Einschrlnkung des elektro- 
chemischen Prozesses durch die Diffusion spricht. 
Die qualitative Analyse der Produkte der Elektrolyse 
bei kontrollierbarem Potential zeigt ebenfalls, dag 
RSH ein Endprodukt ist. 

Wenn man von dem Verlauf komplizierter chem- 
ischer und elektrochemischer Prozesse absieht, so 
lassen die experimentellen Ergebnisse erkennen, daB 
such die coulometrische Generierung von RSH in 
Ethanol-1M Schwefelsaure Medium leicht erfolgt. 
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Summary-The electrochemical behaviour of bis(diphenyldithiophosphine)disulphide (RSSR) and mer- 
curic diphenyldithiophosphinate [(RS),Hg] in ethanol-lithium perchlorate and ethanol-sulphuric acid 
media was studied by the methods of classical polarography, and electrolysis at controlled-potential and 
at a rotating disc platinum electrode. The data obtained show that RSSR is not reduced directly on the 
dropping mercury electrode but is adsorbed. It then undergoes a rapid chemical reaction causing the 
formation of (RS),Hg, which is electroactive. The electrolysis at controlled potential proves that (RS),Hg 
undergoes a two-electron reduction, giving diphenyldithiophosphinic acid (RSH) as a main product, 
whereas the oxidation of RSH leads to the production of (RS),Hg. Regardless of the fact that the chemical 
and adsorption equilibria during reduction of RSSR and (RS),Hg are complex, the coulometric generation 
of RSH is not difficult to achieve, and permits the use of RSSR as a coulometric reagent. 



Talanra, Vol. 31, No. 1, pp. 73-76, 1984 0039-9140/84 $3.00 + 0.00 
Printed in Great Britain Pergamon Press Ltd 

SHORT COMMUNICATIONS 

DETERMINATION OF TOTAL TIN IN GEOLOGICAL 
MATERIALS BY ELECTROTHERMAL 

ATOMIC-ABSORPTION SPECTROPHOTOMETRY USING A 
TUNGSTEN-IMPREGNATED GRAPHITE FURNACE 
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Summary-An electrothermal atomic-absorption spectrophotometric method is described for the deter- 
mination of total tin in geological materials, with use of a tungsten-impregnated graphite furnace. The 
sample is decomposed by fusion with lithium metaborate and the melt is dissolved in 10% hydrochloric 
acid. Tin is then extracted into trioctylphosphine oxide-methyl isobutyl ketone prior to atomization. 
Impregnation of the furnace with a sodium tungstate solution increases the sensitivity of the determination 
and improves the precision of the results. The limits of determination are 0.5-20 ppm of tin in the sample. 
Higher tin values can be determined by dilution of the extract. Replicate analyses of eighteen geological 
reference samples with diverse matrices gave relative standard deviations ranging from 2.0 to 10.8% with 
an average of 4.6”. Average tin values for reference samples were in general agreement with, but more 
precise than, those reported by others. Apparent recoveries of tin added to various samples ranged from 
95 to 111% with an average of 102%. 

Tin occurs in geological materials either as a constit- 
uent of the silicate lattice,lm3 or in the form of 
cassiterite.‘,’ Knowledge of the relative distribution of 
tin in the two forms is important in studies related to 
the geochemistry of tin and in geochemical pros- 
pecting for tin.‘z3 

Whereas cassiterite in geological samples can be 
converted into tin(IV) iodide and volatilized by heat- 
ing with ammonium iodide,‘,“’ total tin can only be 
released by fusion with an alkaline flux such as 
lithium metaborate.8-‘0 The tin released may be deter- 
mined by atomic-absorption spectrophotometry, as 
ti.e hydride”” or through aspiration of an organic tin 
extract into a nitrous oxide-acetylene flame,4,5 or by 
ICP atomic emission spectroscopy following hydride 
generation.6 The difference between the total tin 
determined by fusion with lithium metaborate and 
the cassiterite tin would give an approximate value 
for the tin held in the lattice of silicates. 

The proposed method involves fusion of the 
sample with lithium metaborate to release the total 
tin, which is extracted with trioctylphosphine 

*Geochemist, on leave from the Institute of Geophysical 
and Geochemical Prospecting, Beijing, China. 
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$Use of brand names in this paper is for descriptive 

purposes only and does not constitute endorsement by 
the U.S. Geological Survey. 

oxide-methyl isobutyl ketone (TOPSMIBK), by the 
procedure of Burke.” The tin in the organic extract 
is atomized in a tungsten-impregnated graphite fur- 
nace. The sensitivity, precision, and accuracy of the 

method are desirable features for the determination 
of tin in geological samples of diverse chemical 
composition. 

Apparatus 
EXPERIMENTAL 

An Instrumentation Laboratory (IL) Model 951 atomic- 
absorption spectrophotometer was used for this study.3 The 
spectrophotometer was equipped with the following acces- 
sories: controlled-temperature furnace atomizer (IL 555 
CTF), auto-sampling device (IL 254 FASTAC), back- 
ground corrector, and tin hollow-cathode lamp. 

Settings for the spectrophotometer were: lamp current 
10 mA; wavelength 286.3 nm; band-width, 0.5 nm; integra- 
tion time, 8 set; read-out mode, peak height; photo- 
multiplier voltage (HV), adjusted by the HV control until 
the log intensity meter reads between 0.2 and 0.8 V. 

Settings for the controlled-temperature furnace atomizer 
were: purge gas, nitrogen at 6.9 l./min; auto operation 
mode; temperature-feedback on; auto-clean off; atomization 
programme as follows: 

Drying Charring Atomizing 

Step 1 2 3 4 5 6 
Temp., “C 0 150 750 1000 2500 2500 
Time, x 5 set 0 1 4 4 0 2 

73 
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Settings for the auto-sampling device were: “door cali- 
bration”, 150”; sample deposit time, 2 set; delay time, 5 sec. 
The FASTAC sample-delivery system aspirates the sample 
through a pneumatic nebulizer and converts it into an 
aerosol in the graphite furnace. 

Impregnated graphite tubes. The impregnation of pyroly- 
tic graphite tubes was done following the general guidelines 
of Fritzsche et al.‘* The tubes were soaked overnight in a 
7.8% solution of sodium tungstate dihydrate and dried at 
120” in an electric oven for 4 hr. Before use, each impreg- 
nated tube was conditioned by application of the atom- 
ization programme five times. 

Reagents 

Ascorbic acid. Medium fine crystals (3&80 mesh). 
TOP0 Ctrioctvlvhosvhine oxidetMIBK Cmethvl isobutvl 

ketone). Dissolve-4.0 g of TOPO’in 100 ml of MIBK. . 
Lithium metaborate. Anhydrous powder (G. Frederick 

Smith Chemical Company). 
Stock and standard solutions. Prepare the 1000~yg/ml 

stock tin solution by dissolving 0.5000 g of reagent-grade tin 
metal in 250 ml of 50% v/v hydrochloric acid and diluting 
to 500 ml with water. Prepare the I-pg/ml standard tin 
solution in 10% v/v hydrochloric acid by serial dilution of 
the stock tin solution. The dilute standard tin solution is 
stable for at least 6 months in a Pyrex glass bottle. 

Organic tin standard solutions in TOPO-MIBK (Sn 0, 
0.025, 0.050, 0.075, 0.100, 0.200, 0.300, 0.400 and 0.500 
pgglml). Using Eppendorf micropipettes, transfer 0, 0.25, 
0.50, 0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 of the 1 pg/ml 
standard tin solution to individual 25 x 200 mm screw-cap 
tubes and make up to a total volume of 40 ml with 10% v/v 
hydrochloric acid. Scoop 0.75 g of ascorbic acid into each 
tube and use a vortex mixer to dissolve the solid. Add 
exactly 10 ml of the TOPO-MIBK solution to each tube, 
shake for 1 min, and centrifuge the capped tubes to separate 
the organic phase. Transfer the organic tin extracts to 
16 x 150 mm test-tubes and cap them to prevent evapo- 
ration. The tin in the extract is stable for at least 1 week if 
kept in a refrigerator. 

Procedure 

Weigh 0.750 g of lithium metaborate and 0.250 g of 
<loo-mesh soil, rock or stream-sediment sample into a 
IO-ml platinum crucible. Mix the flux and sample by means 
of a thin glass rod, and fuse the mixture in a muffle furnace 
at 1000” for 1 hr. After cooling, place the crucible in a 50-ml 
beaker and put a small magnetic stirring bar in the crucible. 
Add 30 ml of 10% v/v hydrochloric acid to immerse the 
crucible. Heat the beaker at 50-60” on a hot-plate (fitted 
with a magnetic stirrer motor) for about 30 min to dissolve 
the contents of the crucible completely. Transfer the solu- 
tion to a 25 x 200 mm screw-cap tube and wash the beaker 
and crucible with 10 ml of 10% v/v hydrochloric acid. Add 
0.75 g of ascorbic acid and extract the tin with 10 ml of 
TOPO-MIBK as in the preparation of the organic tin 
standard solutions. 

Determine the absorbance values for the tin in the organic 
extracts of the standards and samples, using the graphite 

furnace/atomic-absorption spectrophotometer system. Cor- 
rect the results for the blank and for the tin present as a 
contaminant in the lithium metaborate (as described under 
“sample decomposition” below). 

RESULTS AND DISCUSSION 

Sample decomposition 

Fusion with lithium metaborate as a flux has been 
shown to decompose geological materials, bringing 
both lattice-bound tin and cassiterite tin into solution 
for the determination of total tin in the sample.8-‘0 
The lithium metaborate used in this study was anal- 
ysed by the proposed procedure for possible con- 
tamination by tin, and found to contain 0.74 + 0.017 
ppm Sn (ten replicates). It follows that a correction 
must be applied for tin in the flux used. There are two 
ways of doing this: (a) running a complete blank 
(including the fusion) for each batch of samples, 
taking care to use virtually identical weights of flux 
for all tests, or (b) determining a reagent blank 
(excluding the flux), analysing the lithium borate for 
tin (and correcting for the reagent blank), and cor- 
recting the results for the samples by subtraction of 
both the reagent blank and the tin contained in the 
flux (which must be weighed accurately for each 
sample). The result is then calculated by means of the 
formula 

ppm Sn = 

[(tin in extract o( g/ml) - tin in fluxless blank (p g/ml)) 
x MIBK volume (ml)] - tin in flux kg) 

sample weight (g) 

Sensitivity 

The characteristic mass (weight of analyte giving 
1% absorption) of the method described above has 
been found to be 7.0 pg. With a 0.250-g sample, the 
range of tin concentrations that can be determined is 
1.00-20.0 ppm in the sample. If the volume of 
TOPO-MIBK used for extraction is reduced to 5 ml, 
the lowest tin concentration that can be accurately 
determined is 0.50 ,ppm, which is considered to he 
below the crustal abundance.” 

The calibration graph for tin is linear up to .0.200 
pg/ml, corresponding to an absorbance of 0.689 
(Table l), above which curvature occurs. When the 
concentration of tin in the sample exceeds 20.0 pptu, 

Table 1. Effect of tungsten-impregnation on absorbance readings of tin in standard 
solutions 

Standard, 
fi.cnlml 

W-impregnated 

Absorbance R.S.D..* “/, 

Untreated 

Absorbance R.S.D. * “/ . ” 

0.025 0.098 
0.050 0.193 
0.075 0.277 
0.100 0.363 
0.200 0.689 

*Calculated from three injections. 

0.8 0.046 6.5 
1.1 0.108 10.1 
1.6 0.143 5.1 
2.3 0.200 9.1 
2.3 0.417 8.9 
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Table 2. Replicate determinations (n = 5) of tin in various U&Geological Survey reference samples 

This work 

Sample 
Mean, R.S.D., 
ppm % 

Reported values, 
ppm 

BHVG-1, basalt 
MAG-1, marine mud 
QLO-1, quarts latite 
RGM- 1, rhyolite 
SCo-1, Cody shale 
SDC-1, mica shist 
SGR-1, oil shale 
STM- 1, nepheline syenite 

GXR- 1, jasperoid 
GXR-2, soil 
GXR-3, Fe-Mn deposit 
GXR-4, Cu mill head 
GXR-5, soil 
GXR-6. soil 

GSB, glass standard 
GSC, glass standard 

Rock reference samples 
1.74 f 0.08 4.6 1.90 f 0.12 (6.3)*” 
1.90 * 0.07 
2.34 f 0.22 El 

2.98 f 0.19 (6.4) 
2.14 f 0.17 (7.9) 

3.65 f 0.12 3:3 3.78 f 0.29 (7.7) 
3.22 + 0.07 2.2 3.02 f 0.18 (6.0) 
2.83 f 0.09 3.2 2.68 f 0.16 (6.0) 
2.31 f 0.07 3.0 1.38 f 0.18 (13.0) 
9.02 * 0.22 2.4 6.70 + 0.34 

Geochemical exploration reference samples 
(5.1) 

52.4 + 1.93 3.7 
1.98 f 0.06 3.0 
0.94 f 0.07 7.4 
4.79 f 0.25 5.2 
2.84 f 0.09 3.2 
0.86 f 0.06 7.0 

Glass reference standards 
0.74 f 0.08 10.8 
3.62 + 0.15 4.1 

0.616 
5 

1.8’O 2.15’s 
3.2 5.0 
2.4 2.3-4.2 
4.4 3.9 
3.9 4.1 
3.2 3.0 
- 1.58 
6.7 10+3 

GSD, glass standard 62.2 + 1.27 2.0 43 
GSE, glass standard 433 i21.9. 5.1 440 

*R.S.D. (%) in parentheses. 

the sample extract should be diluted with MIBK so 
that the absorbance is within the linear range of the 
calibration graph, preferably around 0.500, to reduce 
experimental error. 

Effect of tungsten -impregnation on the performance of 
the graphite tube 

Impregnation of the graphite tube, with sodium 
tungstate solution nearly doubles the absorbance 
readings for tin standards (Table 1) thereby enhanc- 
ing the sensitivity, and also improves the precision of 
the absorbance readings (Table 1). The tungsten- 
impregnated graphite tube can be used for at least 
500 firings. 

Interferences 

The chelation and extraction of tin from the 
sample solution with TOPG-MIBK is adapted from 

Table 3. Recovery of known amounts of tin added to 
various reference samples (averages of duplicate analysis of 

0.250-a samdes) - -, 
Present, Added, Found, Recovery, 

Sample Icg N fig % 

RGM- 1 0.93 1.00 1.92 100 
0.93 2.00 2.89 99 

SDC- 1 0.70 1.00 1.74 102 
0.70 2.00 2.85 106 
0.70 3.00 3.69 100 
0.70 5.00 5.95 104 

GXR-5 0.70 1.00 1.89 111 
0.70 2.00 2.73 101 
0.70 3.00 3.74 101 
0.70 5.00 5.83 102 

GSB 0.18 0.20 0.41 107 
0.18 0.40 0.55 95 

the procedure of Burke” for the determination of tin 
in ahnninium, iron and nickel-base alloys. The same 
extraction has been used for determining tin in 
geological materialsS and in mineralized rocks and 
ores.’ Welsch and Chaos found no interferences from 
1000 pg of Cu, Pb, Zn, Mn, Hg, MO, V, and the 
equivalent of 20% Fe in a l-g sample in the flame 
atomic-absorption determination of tin. It is inferred 
that interferences in the graphite-tube atomic- 
absorption determination of tin would be minimal. 
This is supported by the data of Tables 2 and 3 
showing the general agreement of the tin values 
found for the reference samples with those reported 
by others, and the very good recoveries of tin added 
to various samples of diverse chemical composition. 

Results for geological reference samples 

The proposed method was applied to three sets of 
U.S. Geological Survey reference samples: (1) eight 
rock standardal (2) six geochemical exploration 
reference samples,i5 and (3) four glass reference stan- 
dards.16 The average tin values obtained for the eight 
USGS reference rocks are in most cases in general 
agreement with, but more precise than, the values 
reported by Terashima,” as shown in Table 2. 

Replicate analyses of eighteen reference samples 
with various matrices gave relative standard devi- 
ations ranging from 2.0 to 10.8x, with an average of 
4.6% (Table 2). Recoveries of tin added to various 
samples ranged from 95 to 111% with an average of 
102% (Table 3). 

Thus, the proposed method can be applied to the 
determination of total tin in a wide range of geolog- 
ical materials of diverse chemical composition. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
TRANEXAMIC ACID WITH CHLORANIL 
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Summary-Tranexamic acid is reacted with aqueous alcoholic chloranil, buffered at pH 9, to give a 
complex with maximum absorption at 346 nm and with an apparent molar absorptivity of 15.7 x 10) 
1 .mole-‘.cm-‘. A,,, is linearly related to concentration over the range 2-10 pg/ml. When applied to 
tablets labelled as containing 500 mg each, the mean found was 496 k 4 mg. The results were comparable 
with those of the traditional form01 titration method for amino-acids. 

Tranexamic acid (truns-4_aminomethylcyclohexane- 
carboxylic acid) is a synthetic o-amino-acid with 
useful antifibrinolytic properties.’ An electron- 
capture gas chromatographic method has been re- 
ported for its determination in biological fluids.* In 
view of the fact that tranexamic acid does not possess 
characteristic absorption in the ultraviolet region, it 
was felt useful to develop a spectrophotometric 
method for its determination. Chloranil (tetra- 
chloroquinone) has been reported to form condens- 
ation products with primary and secondary aryl- 
amines, amino-acids, phenols and naphthalene.3,4 
The reaction of some amino-acids with chloranil in 
aqueous ethanol buffered at certain pH values has 
been described as n -+ n charge-transfer complex for- 
mation. Lin and Cheng6 studied the ultraviolet and 
infrared absorption characteristics, compositions, 
formation constants and pH dependence of the 
amino-acid-chloranil complexes. Several amino- 
acids’ and a wide range of pharmaceutical aminess*9 
have been determined with chloranil buffered at pH 
9. On the same basis, chloranil is now used for 
determination of tranexamic acid. 

EXPERIMENTAL 

Instrument 

A Varian DMS 90 double-beam spectrophotometer with 
l-cm quartz cuvettes was used. 

Reugents 

Chloranil solution. A saturated solution in ethanol. 
Buffer solution, pH 9. A 0.05M solution of sodium 

tetraborate. 
Trunexamic acid solution. A 0.010% solution in distilled 

water. 

General procedure 

Pipette l-5 ml portions of standard tranexamic acid 
solution into 50-ml standard flasks. Add exactly 10 ml of 
chloranil solution and 2 ml of O.OSM buffer solution to each. 
Mix and dilute to volume with water. Prepare a reagent 
blank. Let all the solutions stand for 40 min at room 
temperature (20”), then measure the absorbance in l-cm 
cells at 346 nm during the next 10 min. Treat samples in the 

same way. Because of the short time interval available for 
the measurement, it is best to prepare the test solutions in 
small batches and at suitable time intervals. 

Procedure for tablets 

Weigh and powder five tablets. Weigh accurately a quan- 
tity of the powder equivalent to about 100 mg of tranexamic 
acid into a IOO-ml standard flask, add 80 ml of water and 
shake the flask for 30 min. Make up to volume with distilled 
water and mix. Pipette 10 ml into a lOO-ml standard flask 
and dilute to volume with distilled water, then apply the 
general procedure to 4 ml of this solution. Calculate the 
amount of tranexamic acid from the calibration curve or 
from an equivalent linear equation. 

RESULTS AND DISCUSSION 

Chloranil in aqueous alcoholic solution buffered at 
pH 9 reacts with tranexamic acid to form a complex 
with maximum absorption at 346 nm. Under the 
experimental conditions described, the absorbance 
(A) in l-cm cells is a linear function of the concen- 
tration (c, /*g/ml), over the range 2-10 pg/ml, the 
equation being A = 0.007 + 0.101~. The apparent 
molar absorptivity was found to be 15.7 x lo3 
1. mole-’ . cn-‘. The standard deviation is 0.07 pg/ml 
at the 6+g/ml level, so the error of prediction from 
the regression line (95% confidence limits) is 0.22 

pg/ml. 
The reaction time, the volume of chloranil solu- 

tion, the volume of pH-9 buffer and the final dilution 
were selected as a compromise between optimum 
sensitivity, stability and minimum blank reading. 
Thus, the yellow colour of chloranil in ethanol slowly 
changes to violet when the solution is added to the 
pH-9 buffer. The absorbance of the blank solution, 
measured at 346 nm against water, is about 0.46, so 
a double-beam spectrophotometer is preferable, for 
precise results to be obtained. The absorbance of the 
reaction product at 346 nm increases slowly over 
a period of 40 min and then remains stable for 10 
min, during which the absorbance must be measured 
(Fig. 1). 

TM 3111-F 
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Fig. 1. Rate of colour development and stability of colour. 

The mechanism of the reaction between chloranil 
and amino-acids is still not known with certainty; it 
is generally supposed to be charge-transfer complex 
formation, but the lengthy reaction time does not 
support this. The amino-acid-chloranil reacting ratio 
has been found to be 1 :l or 1:2 according to the 
number of amino groups in the amino-acid.6 

The method has been applied to the determination 
of tranexamic acid in commercial tablets, the results 
being compared with those obtained by the tradi- 
tional form01 titration method for amino-acids, 
which involves the addition of neutral formaldehyde 
solution to aqueous tranexamic acid solution, fol- 
lowed by titration with O.lM sodium hydroxide. 
Table 1 shows that the mean values found were 
99.1 &- 0.7% of the nominal content by the spec- 
trophotometric method and 99.2 + 1.0% by the 
titrimetric method. The results are in good agreement 
with each other. 

The proposed method is suitable for the deter- 
mination of tranexamic acid in pg quantities, but 

Table 1. Determination of tranexamic acid 
in tablets* by the chloranil and formal 

titration methods 

Found, “/. 

Svectrophotometry Titration 

99.9 98.9 
98.1 98.5 
98.6 98.5 
99.4 99.2 
99.6 99.2 
98.2 101.2 

Mean k s.d. 99.1 f 0.7 99.2 k 1.0 
*Nominal content 500 mg. 

there is positive interference from other amino-acids 
and water-soluble compounds containing a primary 
or secondary amino group. 
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Summary-Chloride concentrations down to the ppm level in a large excess of chlorate or perchlorate 
can be quantitatively estimated by use of chloride ion-selective electrodes (ISEs). Similarly traces of 
chloride in chromic acid solutions can be estimated with a heterogeneous silicone-rubber based chloride 
ISE. However, homogeneous chloride ISEs pose a problem for practical applications, because their 
response in chromic acid solutions changes with time owing to chemical attack on the membrane surface. 
In permanganate solutions, both homogeneous and heterogeneous type electrodes can be used for 
monitoring chloride ions. The Orion electrode, however, was found to show a slightly super-Nemstian 
resuonse in such solutions. The nresence of lo-)A4 iron(III) had no adverse effect on the performance 
of these electrodes in pennanganate solutions. 

It is generally accepted that the response of ion- 
sensitive electrodes (ISEs) is not influenced by ox- 
idizing agents in solution. In the case of chloride ISEs 
both the homogeneous and heterogeneous type are 
claimed to be free from interference by Cu*+, Fe’+ 
and MnO; ions.‘,* However, according to a recent 
report by Bixler et aL3, Fe’+ interferes seriously with 
the performance of homogeneous chloride ISEs in 
highly acidic solutions. They also observed that the 
response of these ISEs is unaffected under similar 
conditions if the iron is present as Fe*+. Since a 
number of practical applications of Cl- ISEs may 
involve monitoring chloride in the presence of a large 
excess of oxidizing agent (e.g., in chromic acid an- 
odizing baths and electrolytic cell liquors containing 
chlorate and/or perchlorate) it seemed worth study- 
ing the performance of the chloride ISEs in such 
oxidizing media. 

EXPERIMENTAL 

Three different ISEs were examined, viz. the Radelkis 
silicone-rubber based heterogeneous-membrane type elec- 
trode (Model OP-Cl-711 l), the homogeneous-membrane 
electrode developed at CECRI, and the Orion electrode 
(Model 94-17 A). The CECRI electrode was based on a 
homogeneous membrane made of our Ag,S/AgCl com- 
posite? The active surface of the electrodes was polished 
with Orion 94-82 polishing paper. For conditioning, the 
electrodes were dipped in lo-*M potassium chloride for 1 
hr. After thorough washing the electrodes were immersed in 
conductivity water for 12 hr. When not in use, the electrode 
surface was kept immersed in conductivity water. 

An Orion Research Microprocessor 901 Ion Analyzer 
readable to kO.1 mV was used. The reproducibility of 
potentials recorded was +O.S mV, corresponding to -&2x 
error in the estimation of chloride. A double-junction 1M 
potassium chloride calomel electrode was used as reference 
electrode, with the appropriate background solutions in the 
outer compartment. All the experiments were done at 
25 + 0.5”. 

All the chemicals used were of analytical or general 
reagent grade. Stock solutions were prepared in conduc- 
tivity water and diluted to the desired concentration. 

Chromic acid solutions were prepared from Baker chro- 
mium trioxide (analysed low-sodium MOS electronic 
grade). 

To estimate the accuracy of the determination in chlorate 
and perchlorate backgrounds, two methods, viz. the 
calibration-graph and standard-addition methods, were 
used. The calibration graphs were obtained for 10-1000 
ppm chloride in the required background by the “litre 
beaker” meth0d.j The potentials of the electrode in test 
solutions containing 50, 100 and 500 ppm chloride in 
appropriate chlorate or perchlorate media were then mea- 
sured and the corresponding chloride concentrations read 
from the standard graph. In the standard-addition method, 
the change in potential (BE) of 100 ml of test solution on 
addition of a known amount of chloride (as a standard 
solution) was measured and the chloride concentration in 
the test solution was calculated by use of the equation6 

where C, and C, are the concentrations and V, and V, the 
volumes of the test solution and the standasd solution, and 
S is the slope of the standardization graph. 

Studies on the effect of chlorate and perchlorate back- 
grounds were done in neutral medium, which is of interest 
in real sample analysis, and extended to acid medium in view 
of the enhanced oxidizing power of these oxidants in such 
media. Perchloric acid and nitric acid were used to adjust the 
pH of the sodium perchlorate and potassium chlorate 
solutions, respectively. 

RESULTS AND DISCUSSION 

Chlorate and perchlorate baths 

In the production of chlorate by electrolytic ox- 
idation of chloride solutions, monitoring of the chlo- 
ride concentration at various stages of the electrolysis 
is essential. During the electrolysis the chloride con- 
tent of the cell liquors may vary from about 3 x lo5 
to lo3 ppm (300-l g/l.) and the maximum sodium 
chlorate concentration (at the end of electrolysis) may 
be about 400-500 g/1.7,8 Since chloride in the range 
1.8-3.55 x lo4 ppm can be monitored by chloride 
ISEs, so a tenfold dilution of the sample will always 
bring its chloride concentration into the detection 
range of the ISEs. The response of the ISEs was 
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measured for the range lo-lo4 ppm chloride in 
42.5-g/1. potassium chlorate background (which also 
served as ionic strength adjuster). All three electrodes 
gave Nernstian response, showing that chlorate has 
no adverse effect. 

Similarly in the production of sodium perchlorate 
the sodium chloride concentration in the cell liquor 
may also vary from about 3 x lo5 to lo3 ppm, 
depending on the stage of electrolysis, and the max- 
imum sodium perchlorate content may be 500-600 
g/1.9 A tenfold dilution to keep the chloride concen- 
tration in the detection range of the ISEs will bring 
the concentration of sodium perchlorate to about 
50-60 g/l., so this chloride range was tested in 50-g/1. 
sodium perchlorate background (which again gives 
almost constant ionic strength). All the three elec- 
trodes again gave Nernstian response, showing that 
perchlorate does not interfere. 

These experiments were repeated with lower con- 
centrations of the background salt (15 and 30 g/l.) 
and also studied at pH 1. The electrode performances 
remained the same in all cases. 

The error of the determination was then evaluated 
for these systems by the methods used for the re- 
sponse to pure chloride solutions and the results are 
given in Table 1. The error is again about 2%. For 
comparison, chloride in neutral solutions containing 
chlorate and perchlorate was determined by con- 
ventional titration with silver nitrate, with potassium 
chromate as indicator. The results were invariably 
higher than the ISE results by about 5%. 

Chromic acid medium 

Analysis of chromic acid solutions is another ex- 
ample of chloride monitoring in an oxidizing media. 
Levels of chloride above a certain critical value are 
reported to have adverse effects on the performance 
of these solutions as anodizing baths. In the present 
study, the response of the chloride ISEs was mea- 
sured for typical chromic acid anodizing baths” 
containing 50 and 100 g of chromic acid per litre. To 
investigate the effect of sulphuric acid another com- 
position (250 g/l. CrO, and 2.5 g/l. H,S04) was also 
studied. In the 50-g/1. chromic acid bath the Radelkis 
heterogeneous electrode exhibited Nernstian re- 
sponse over the 10-1000 ppm chloride range, and 
sub-Nernstian response at lower levels, in conformity 
with its performance in the absence of oxidizing agent 
(Fig. 1). For the Orion and CECRI ISEs, however, 
the potential of the electrodes was found to vary with 
time. Visual observation of the electrode surface after 
exposure to the chromic acid solutions showed slight 
etching of the surface of the Orion electrode, whereas 
the CECRI electrode was covered with a thin film 
which could be easily wiped off with paper, and no 
etching of the surface was observed. Since these 
surface effects were thought to be the cause of drift 
in the electrode potential, it was felt that the elec- 
trodes would give Nernstian response if the mea- 
surement were made quickly enough for no 



SHORT COMMUNlCATIONS 81 

t CL-1 ( ppm) 

Fig. 1. Response of chloride ISEs in chromic acid solutions. 
I-Radelkis ISE, 2-CECRI ISE, 3-Orion ISE, in 50-g/l. 
chromic acid background; 4 and 5-Radelkis ISE in 100-g/1. 
chromic acid and 250-g/1. chromic acid/2.5 g/l. sulphuric 
acid respectively. The total experimental time for obtaining 

calibration plots 2 and 3 was 5 min (cf text). 

significant etching or film formation to take place. To 
confirm this, experiments were done in which the 
whole range of chloride concentration was covered 
within 5 min. The response of the Orion and CECRI 
electrodes in these experiments is also included in Fig. 
1. Both electrodes showed Nernstian behaviour. 
Hence the homogeneous membrane electrodes which 
show a time-dependent response in the presence of 
chromic acid can be used only if the time of 
immersion of the electrodes can be kept short. Since 
the homogeneous-membrane ISEs were adversely 
affected by chromic acid, only the Radelkis hetero- 
geneous membrane ISE was studied at the higher 
chromic acid concentrations. The electrode showed 
Nernstian behaviour (Fig. l), confirming that it is not 
affected by chromic acid. 

Permanganate medium 

The effect of permanganate was also included in 
the study. The chloride range 5 x 10-5-10-2M in 
0.02M permanganate background electrolyte was ex- 
amined. The electrode responses are shown in Fig. 2. 
The Orion electrode gave a response that was slightly 
super-Nernstian (68 mV/pCl), whereas the other two 
gave Nernstian response. The presence of iron is 
known to catalyse the oxidation of chloride by per- 
manganate in acid medium. Hence the response of 
the electrodes to chloride in 0.02M permanganate 

1 I I I I 

5x10-’ I6 3xlo-o I 6’ 5x10-’ lo-2 

2. of ISEs 0.02M 
permanganate L-CECRI 2-Orion 

ISE. 

also studied the presence lo-‘M Fe3+. No 
adverse effect was observed a period of 15 min. 
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Summary-Two analytical procedures based on the magnitude of the heat of dilution and direct injection 
enthalpimetry have been developed for determination of water in ethanol and acetone. The results 
obtained by means of the heat of dilution were compared with the values given by pycnometry, and gave 
a relative difference in the range 0.2-3x. The precision depends on the slope of the calibration curve, which 
varies with the procedure and the concentration of the sample. 

Use of the heat of dilution for analytical purposes is 
not new and was first proposed over 60 years ago.’ 
However, only a few applications’4 have been found 
in the literature. The enthalpy change due to dilution 
is very large for many compounds. The magnitude of 
the heat evolved or absorbed depends on the inter- 
actions between solute and solvent and is a function 
of the initial solute concentration. Thus, the tem- 
perature changes on dilution can be related to the 
solute/solvent ratio in a given sample. With the 
modern capability for measuring very small changes 
in temperature, the enthalpimetric signal due to dilu- 
tion can give a precise analysis. 

Ethanol and acetone are widely used in the labora- 
tory and industry. Ethanol is employed as a fuel (as 
hydrated ethanol) and in fuel mixtures (as anhydrous 
ethanol). The water content is an important factor in 
the quality control of both ethanol and acetone. The 
Karl Fischer titration, normally used for water deter- 
mination, has some disadvantages: active carbonyl 
groups, such as those present in ketones, cause 
formation of water by reaction with the alcohol 
present in the reagent, free SO, forms a yellow SO,I- 
species which makes visual recognition of the end- 
point rather difficult, and the reagent contains toxic 
substances that are unpleasant to work with. 

The objective of the present work was to develop 
and evaluate analytical methods based on mea- 
surement of the heat of dilution. Procedures for the 
determination of water in ethanol and acetone have 
been developed. 

EXPERIMENTAL 

The determinations were performed by direct injection 
enthalpimetry (DIE) with an apparatus similar to that 
previously described.’ It consists of a lOO-ml Dewar flask 
which contains the thermistor probe (22OOR, Thermo- 
metrics Inc.), a glass pipette tied to a plastic syringe, and a 
magnetic stirring bar. The thermistor is connected to a 

Wheatstone bridge (Leeds & Northrup, catalogue number 
4760), the output voltage from which is fed to a strip-chart 
recorder. The bridge sensitivity was 6.7 mV/deg. The pipette 
used delivered 1.30 ml, but any volume between 1 and 2 ml 
can be used, provided it is kept the same for all samples and 
standards. 

Two procedures were used. In procedure I the Dewar 
flask was charged with 50.0ml of distilled water, and the 
pipette was loaded with sample and immersed in the water 
in the Dewar flask; after temperature equilibrium had been 
attained (which was almost instantaneously), the sample 
was injected into the water and the temperature change due 
to the heat of dilution was recorded. In procedure II the 
Dewar flask was charged with 50.0ml of sample and 
distilled water (1.30 ml) was added from the pipette after 
temperature equilibration. 

All determinations based on the heat of dilution were 
accomplished by using calibration graphs obtained with 
solutions standardized by pycnometry. Comparative deter- 
minations were performed with a 30-ml pycnometer accord- 
ing to well-accepted procedures.6 Reagent-grade chemicals 
were used throughout. 

RESULTS AND DISCUSSION 

The results for five replicates of ethanol and ace- 
tone, with various water contents, measured by both 
procedures, showed that the temperature change on 
dilution could be measured with a mean standard 
deviation of 0.002” for ethanol and 0.004” for 
acetone. 

Typical calibration curves for procedure I are 
shown in Fig. 1. The heat of dilution is exothermic 
for the two compounds. The curves show similar 
behaviour, with the slopes increasing in dilute solu- 
tions and tending to decrease with high content of 
solute. In the range of concentration 5&70% and 
20-60x of water for ethanol and acetone, re- 
spectively, there is a linear relationship, with a cor- 
relation coefficient of 0.9999. Figure 2 shows the 
behaviour of the heat of dilution as a function of the 
percentage of water in the sample, for procedure II. 
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% OF WATER (w/w) 

Fig. 1. Calibration curve for determination of water in 
ethanol (0) and acetone (A) with procedure I. One arbi- 
trary unit is equal to 0.003”C for ethanol and 0.006”C for 

acetone. 

For ethanol, exothermic signals are obtained, which 
decrease as the amount of water is increased, proba- 
bly indicating that the total number of hydrogen 
bonds in the mixture is diminishing. For acetone, the 
enthalpimetric signal is endothermic for samples with 
low concentrations of water, but becomes exothermic 
when the samples contain more than about 5.5% of 

I I I I I 1 
2 4 6 6 IO 12 

% OF WATER (w/w) 

Fig. 2. Calibration curve for water determination in ethanol 
(0) and acetone (A) with procedure II. One arbitrary unit 
is equal to 0.003”C for ethanol and 0.006”C for acetone. 

water. The endothermic portion of the curve proba- 
bly indicates that the energy absorbed in the dis- 
ruption of the water structure is not compensated for 
by hydrogen-bond formation in the mixture. 

As seen from Figs. 1 and 2, the useful composition 
range for acetone application is l(r9O’k water for 
procedure I and O--10% for procedure II, whereas 
for ethanol it is 5-80x water by procedure I and 
t&S% by procedure II, so the two procedures are 
complementary. 

The precision depends on the sample concentration 
and the procedure employed. Procedure I, in the 
linear range, gives a sensitivity of 0.019” and 0.009” 
per 1% of water for acetone and ethanol respectively. 
Within the precision of the thermometric mea- 
surement, the water content can be obtained with a 
mean standard deviation of 0.2%. Procedure II is the 
more attractive way for determination of small 
amounts of water, owing to the large sensitivity at 
levels lower than 1%. At this concentration, a sensi- 
tivity of about 0.240” and 0.440” per 1% of water was 
found for ethanol and acetone, respectively. This 
allows the determination of water with a mean stan- 
dard deviation of 0.008 and 0.009%. 

Because of the non-specific character of the heat of 
dilution, the enthalpimetric signal may be affected by 
the presence of other solutes in the sample. In order 
to assess such contributions to the enthalpimetric 
signal, the heat of dilution of ethanol was measured 
before and after the addition of various compounds 
usually present in fuel or commercial ethanol. The 
results are given in Table 1. It was observed that the 
magnitude of interference varies with the compound 
added to the sample and probably reflects the inter- 
actions with the binary system water-ethanol. Table 
1 shows that the interference may be relevant if the 
compound is present in significant percentage. How- 
ever, in actual samples the percentage of impurities is 
usually very low’ and the influence of interferents on 
the enthalpimetric signal can be considered to be 
within the experimental error. 

The effect of the ambient temperature on the 
enthalpimetric signal was studied by repeating the 
analysis of four samples of ethanol, by procedures I 
and II, at several temperatures in the range 20-30”. 
It was found that the magnitude of the signal de- 
creases as the ambient and solution temperatures are 

Table 1. Effect of various compounds usually present in commercial 
and fuel ethanol, on the analytical signal 

Relative analytical signal * “/ 3 0 
Compound Procedure It Procedure IQ 

Ethyl acetate 102.1 100.3 
Acetaldehyde 100.0 100.3 
Acetic acid 100.7 97.1 
Amy1 alcohol 101.7 97.6 
Bc”Zc”c 103.1t 95.0 

*With 1.0% of potential interferent present. 
tcontent of water in sample: 60.2%. 
$Saturatexl solution at 25°C. 
pContent of water in sample: 0.70%. 
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Table 2. Results for the determination of water in ethanol 

Sample 

E, 
E* 
E, 
E4 
E, 
E, 
E, 

2 
&I 

Procedure 

I 
I 
I 

I 

II 
II 
11 

II II 
II 

Mass of water in 100 8 of sample, g 

Pycnometry Heat of dilution 

57.5 57.4 
49.6 49.8 
54.3 54.0 
16.9 16.7 
7.60 7.8 
5.41 5.50 
4.66 4.60 

2.00 3.26 2.03 3.28 
0.83 0.82 

Relative 
error, y0 

-0.2 
+0.4 
-0.6 
-0.9 
+2.6 
+0.5 
-1.3 

+0.6 + 1.5 
-1.2 

Table 3. Comoarative results for the determination of water in acetone 

Sample Procedure 

A, I 
A, I 
A, I 
A, I 
A, II 
A, II 
A, II 
A. II 

Mass of water in 100 8 of sample, g 

Pycnometry Heat of dilution 

57.2 51.1 
44.7 44.6 
39.4 39.6 
21.6 21.8 
4.29 4.22 
3.68 3.60 
1.37 1.38 
1.00 I .03 

Relative 
error, y0 

-0.2 
-0.2 
+0.5 
+1.1 
- 1.6 
-2.2 
+0.7 
t3.0 

increased. Nevertheless, the effect is smaller than the 
uncertainty of measurement, for variations of these 
temperatures within f 2”. 

The accuracy of procedures I and II was checked 
against pycnometry with synthetic samples. The 
mean results of three determinations are given in 

Tables 2 and 3. As can be observed, good correlation 
was found. 

CONCLUSION 

The heat of dilution method described in this 
report is very simple and requires no reagents but the 
species to be determined (water, in this case). The 
time needed for one determination is about 3 min and 
the precision, accuracy and sensitivity are sufficient 
for water determination in fuel ethanol and commer- 
cial acetone and ethanol products. Water solutions of 
these two substances can be considered as two- 
component systems, due to the low level of im- 

purities, and interference effects are therefore negli- 
gible. The Karl Fischer method is more sensitive, but 
has the disadvantages listed in the introduction. The 
characteristics of the method indicate potential appli- 
cations to other substances besides those mentioned 
in this report. 
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Summary-Complexation of Pd*+ with cyanide inhibits the extraction of the palladium complex of 
5-phenylazo-8-aminoquinoline. This effect is used for the indirect spectrophotometric determination of 
cyanide at the ng level. Cyanide in industrial waste water and in sea-water is determined after distillation 
as HCN from the sample and collection in sodium hydroxide solution. 

The best known methods for the spectrophotometric 
determination of cyanide are based on the formation 
of cyanogen bromide or chloride, which can react 
with pyridine to yield glutaconaldehyde, which is 
then condensed with benzidine,’ pyrazolone2 or bar- 
bituric acid,3,4 producing coloured polymethine dyes. 
These methods have good sensitivity, their main 
limitations being the instability of the colour and the 
need for strict experimental conditions if good re- 
producibility is to be obtained. Various indirect 
methods have been developed more recently, based 
on discharge of the colour of metal complexes by 
removal of the metal as cyanide complexes. Among 
these, the most sensitive are those based on the 
Ag-phen-BPRS and Ni-5BrPADAP6 complexes. 
Palladium(I1) reacts with 5-phenylazo-g-amino- 
quinoline (PAQ), producing a green precipitate which 
is extractable into methyl isobutyl ketone,’ the sensi- 
tivity being about midway between those of the Ag- 
phen-BPR and Ni-5BrPADAP systems. This paper 
reports that the suppression of the reaction of PAQ 
with Pd(II) can be used to determine the concen- 
tration of cyanide. 

EXPERIMENTAL 

Reagents 

Standard potassium cyanide solution (- 0.5 mglml). Pre- 
pared weekly from 1.30 g of potassium cyanide and 2 g of 
sodium hydroxide, dissolved and diluted to 1 litre, and 
standardized potentiometrically by titration with 0.03M 
silver nitrate; working solutions (_ 5 ng/ml) prepared daily 
by appropriate dilution. 

Standard palladium(H) chloride solution. Prepared from 
WCI, and 2M hydrochloric acid, to be approximately 0.1% 
Pd in 0.2M hydrochloric acid, and standardized with di- 
methylglyoxime.8 Diluted to give a IO-pg/ml Pd working 
solution in O.lM hydrochloric acid. 

PAQ solution, 0. ITA in ethanol. 

Procedure 

Transfer 25 ml of sample, containing less than 4 pg of 
cyanide, to a 75-ml glass-stoppered centrifuge tube. Acidify 

*To whom correspondence should be addressed. 

slightly with 2M hydrochloric acid, add 1 ml of IO-pg/ml 
palladium solution and adjust (if necessary) to pH 2.0-2.5. 
After 1 hr add 1 ml of 2M formic acid and then 2M sodium 
hydroxide dropwise until the pH is 3.0, then immediately 
add 1 ml of PAQ solution, mix, and after 3-5 min add 2M 
sodium hydroxide until the pH is 11.5-12.0. Dilute to 
approximately 50 ml, add 10 ml of methyl isobutyl ketone 
(MIBK), shake the stoppered tube vigorously for l-2 min, 
centrifuge, and measure the absorbance of the organic phase 
at 620 nm against an MIBK blank. 

Separation of cyanide by distillation 

Use the distillation procedure recommended by APHA.4 
Dilute 250 ml of the sample, free from oxidizing agents and 
sulphide, to approximately 500 ml, add 50 ml of sulphuric 
acid (1 + 1) and 20 ml of 50% magnesium chloride hexa- 
hydrate solution, and boil for 2 hr, collecting the vapour in 
50 ml of O.lM sodium hydroxide by suction. Dilute the 
alkaline solution to 100 ml and analyse a suitable fraction 
by the procedure above. 

RESULTS AND DISCUSSION 

The absorption spectra of the PAQ, Pd-PAQ and 
Pd-PAQcyanide systems are shown in Fig. 1. In the 
presence of cyanide the shape of the Pd-PAQ spec- 
trum remains, but the absorbance is reduced, show- 
ing that formation of the Pd-PAQ complex is sup- 
pressed. A plot of the absorbance against the 
cyanide:palladium molar ratio (Fig. 2) indicates that 
the suppression is due to formation of the Pd(CN), 
complex (and higher complexes when [CN-]/[Pd*+] 
> 2). 

Effect of pH 

The reaction between palladium and PAQ takes 
place in a narrow pH range (2.7-3.3).’ The choice of 
pH range for the palladium-cyanide reaction is re- 
stricted by two facts. It was observed that if the 
palladium(I1) solution is kept at pH 2 3.0 for rela- 
tively long periods of time (1 hr or more) before 
addition of PAQ, the absorbance is lower than it 
should be, and is less reproducible, possibly because 
of formation of palladium hydroxo-complexes. On 
the other hand, if the pH is around 1.5 the anion 
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600 703 

“ill 

Fig. 1. Absorption spectra of MIBK phase. 1, PAQ; 2, 
PAQf 10.1 pg of Pd2+; 3, PAQ + 10.1 pg of Pd2+ + 1.01 
/~g of CN-; 4, PAQ + 10.1 pg of Pd2+ + 2.35 pg of CN-. 

All spectra recorded against an MIBK blank. 

concentration from the acid used (Cl-, NO; or 
SO:-) is at the tolerance limit. For these reasons a pH 
range of 2.0-2.5 is recommended. Once this reaction 
is completed the solution is adjusted to pH 3.0, the 
PAQ solution is immediately added and the concen- 
tration of the Pd-PAQ complex determined. 

Kinetics of the palladium-cyanide reaction 

In Fig. 3, absorbance is plotted against the time 
elapsed from the addition of palladium to the cyanide 

06 

g 04 

0.2 

0.6 

q 
0.4 

02 

I I 

60 120 

Fig. 3. Pd*+-CN- reaction kinetics. pH = 2-2.5, 10.1 peg of 
Pdr+ + 3.83 peg of CN-. 

sample at pH 2.0-2.5, to addition of the PAQ. It is 
observed that the inhibition reaction is complete in 
about 50 min. Thus, for analytical purposes, the PAQ 
reaction must not be applied earlier than 60-90 min 
after addition of the palladium to the cyanide solu- 
tion. 

Effect of foreign ions 

The distillation procedure eliminates most of the 
interferences,4 except that of sulphide, which has to 
be removed beforehand by precipitation with cad- 
mium. A detailed study of the effect of foreign ions 
on the Pd-PAQ system has already been reported.’ 
The effect of the presence of some of the more 
frequently encountered metal ions that can form 
cyanide complexes was therefore studied, by addition 
of 10 pg of the metal ion and 5 ml of O.OlM EDTA 
to 25 ml of a solution containing 2.4 pg of cyanide. 
Table 1 shows that only Co(I1) and Hg(I1) interfere 
at this level. The effect of anions on the direct 
determination was also studied, and it was found that 
0.3 mg of SCN- and I-, 9 mg of PO:- and SO:-, 

Table 1. Effect of foreign ions* 

CN- found,t Recovery, 
Cation c(g % 

Mg(II) 2.41 100.4 
Ca(IU 2.41 102.9 

Fig. 2. Effect of cyanide on the extraction of Pd2+-PAQ 
complex; 10.1 pg Pd2+. 

Mn(II) 2.33 97.0 
Fe(II1) 2.40 100.0 
Fe(I1) 2.35 91.9 
Co(I1) 2.21 91.9 
Ni(II) 2.40 100.0 
Cu(I1) 2.41 102.9 
Zn(I1) 2.42 100.8 
Cd(I1) 2.41 100.4 
Hg(II) 2.05 85.4 
Al(II1) 2.43 101.2 

‘IO pg added 
t2.40 pg of CN- added. Mean of two 

determinations 
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Table 2. Determination of cyanide 

CN- added, CN- found, No. of 

l.%w b&?/ml determinations Recovery, % 

Distilled water 0.097 0.097 f 0.008 4 95-102 
Sea-water 0.025 + 0.007 5 

0.095 0.126 f 0.009 5 101-111 
Waste water 2.35 f 0.22 7 

2.37 4.82 k 0.47 5 94-116 

50 mg of Cl- and 100 mg of NO; can be tolerated 
(these are approximately the maximum permissible 
amounts for these anions). Sulphide interferes at any 
level. 

The calibration must be done with a recently 
prepared cyanide solution since the degradation 
products of cyanide stored in alkaline medium inter- 
fere. 

Determination of cyanide in waste water and sea-water 

The method was tested by analysing an artificial 
sample containing approximately 0.1 ppm of cyanide 
and was applied to the analysis of waste water from 
a water-purification tank in a plastic-products factory 
and from sea-water near the underwater sewage exit 
of the same factory. In both cases the presence of 
oxidizing agents and sulphide ion was tested for first. 
Only sulphide was found, in the waste water. It was 
eliminated by adding 10 ml of 0.1% cadmium solu- 
tion to 2 litres of sample, leaving for 24 hr, then 
filtering. The cyanide was determined after distillative 
separation. 

The results are shown in Table 2, where the 
recovery percentage shows the extreme values found. 
The uncertainty of the results is expressed at the 95% 
confidence level. 

Sensitivity 

The absorbace is linearly related to amount of 
cyanide up to 4 pg, and its relative standard devi- 
ation, for seven analyses of a sample containing 2.42 
pg of cyanide, was found to be 3.4%. The detection 
limit of 0.005 pgg/ml compares favourably with that 
of previous methods (e.g., 0.01 pgg/ml for barbituric 
acid, 0.02 pg/ml for pyrazolone, 0.02 pg/ml for 
NiS-BrPADAP and 0.04 pgg/ml for Ag-phen-BPR). 

1. 
2. 
3. 

4. 
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ANNOTATION 

COMPARISON OF SILVER RESULTS FOR 
CANADIAN REFERENCE ORES AND CONCENTRATES 

AND ZINC-PROCESSING PRODUCTS BY ACID 
DECOMPOSITION, TRIBENZYLAMINE/CHLOROFORM 

EXTRACTION AND FIRE-ASSAY COMBINED 
WITH ATOMIC-ABSORPTION SPECTROPHOTOMETRY 

ELSIE M. DONALDSON, E. MARK and MAUREEN E. LEAVER 
Mineral Sciences Laboratories, Canada Centre for Mineral and Energy Technology, Department of 

Energy, Mines and Resources, Ottawa, Canada 

(Received 1 June 1983. Accepted 25 July 1983) 

Summary-The results obtained for silver in Canadian reference ores and concentrates and in zinc- 
processing products by three atomic-absorption spectrophotometric methods are compared. “Wet 
chemical” methods based on the decomposition of the sample with mixed acids yield more accurate results 
than those based on fire-assay collection techniques. A direct acid-decomposition method involving the 
determination of silver in a 20% v/v hydrochloric acid-l% v/v diethylenetriamine medium is recommended 
for the determination of _ 10 pg/g or higher levels of silver. A method based on chloroform extraction 
of the tribenzylamine-silver bromide ion-association complex from 0.08M potassium bromide-2M 
sulphuric acid is recommended for samples containing < 10 pg of silver per g. 

Recently, as part of a current CANMET project 
involving a study of the behaviour of silver in con- 
ventional hydrometallurgical processes designed to 
recover metallic zinc from zinc ores and concentrates, 
one of the authors developed a simple, sensitive 
and reliable atomic-absorption spectrophotometric 
method for the determination of -0.1 pg/g or more 
of silver in ores and concentrates and N 0.00 1 p g/ml 
or more in zinc-process solutions.’ In this method, the 
sample is decomposed with acids and silver is sep- 
arated from the matrix elements by chloroform ex- 
traction of the tribenzylamine (TBA)-silver bromide 
ion-association complex from 0.08M potassium 
bromide-2M sulphuric acid. Silver is stripped from 
the chloroform phase with 9M hydrobromic acid and 
ultimately determined by atomic-absorption spec- 
trophotometry (AAS) in a 10% v/v hydrochloric 
acid-l% v/v diethylenetriamine medium. Because 
subsequent work showed that relatively large 
amounts of iron, zinc, lead, nickel and copper do not 
cause significant error in the determination of silver 
under these conditions, it was considered probable 
that, after decomposition with suitable acids, most 
ores, concentrates and zinc-processing products con- 
taining moderate amounts of silver could be analysed 
directly and relatively rapidly in a dilute hydrochloric 
acid-diethylenetriamine medium without prior separ- 
ation of silver. Such a method would also be a useful 

Crown Copyright reserved. 

alternative to the fire-assay/AAS lead collection 
method currently used in the CANMET chemical 
laboratory,2” and could be used as a comparison (or 
umpire) method. However, during attempts to evalu- 
ate this method by applying it to iron-leach residues 
and roaster and other zinc-processing products, the 
results obtained were not always in good agreement 
with previous results obtained by the fire-assay/AAS 
method. Ultimately, it was found that these materials 
were of questionable homogeneity. Consequently, 
various diverse Canadian Certified Reference 
Materials Project (CCRMP) reference ores and con- 
centrates, which have been certified for silver and 
which are of proven homogeneity, were used to 
evaluate the method. The results obtained for these 
materials by the recommended acid-decomposition/ 
AAS method are compared with those obtained 
previously at CANMET during the respective inter- 
laboratory certification programmes by the 
fire-assay/AAS method mentioned above and by a 
similar method based on the collection of silver with 
molten tin4 The results are also compared with those 
obtained by the TBA-extraction method’ and the 
fire-assay methods (including classical and AAS 
methods) and acid-decomposition/AAS results ob- 
tained during the certification programmes. 

Apparatus 
EXPERIMENTAL 

A Varian-Techtron model AA6 spectrophotometer, 
equipped with a IO-cm laminar-flow air-acetylene burner 

89 
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and a silver hollow-cathode lamp, was used under the 
following conditions. 

Wavelength: 328.1 nm 
Lamp current: 3 mA 
Spectral band-pass: 0.20 nm 
Height of light-path above burner: 4mm 
Acetylene flowmeter reading: 2.0 (_ 1.5 l./min) 
Air flowmeter reading: 6.5 (_ 11.5 l./min) 
Flame: strongly oxidizing 
Aspiration rate: 8 ml/min 

Reagents 

Standard silver solution, IOO~gcglml. Dissolve 0.1000 g of 
pure silver foil in -25 ml of 25% v/v nitric acid, add _ 10 
ml of 50% v/v sulphuric acid and evaporate the solution to 
fumes of sulphur trioxide. Dissolve the salts in u 100 ml of 
50% v/v hydrochloric acid and transfer the solution to a 
I-litre standard flask containing -350ml each of concen- 
trated hydrochloric acid and water. Allow the solution to 
cool to room temperature, then dilute to volume with water. 
This solution is stable for at least 2 months. Prepare a 
IO-pg/ml solution by diluting 10 ml of this stock solution 
and 36 ml of concentrated hydrochloric acid to 100 ml with 
water. Prepare this diluted solution fresh as required. 

Diethylenetriamine. A 10% v/v solution in water. 
Bromine. A 20% v/v solution in carbon tetrachloride. 
Hydrochloric acid, 25%v/v. Store in a plastic squeeze-type 

wash-bottle. 
Hydrochloric acid, 50% v/v. 
Nitric acid, 50% v/v. 
Sulphuric acid, 50% v/v. 

Recommended acid-decomposition method 

Calibration solutions. Add 10 ml of 10% diethyl- 
enetriamine solution to each of eleven lOO-ml standard 
flasks (Note 1); then, from a burette, add to the first five 
flasks 2, 4, 6, 8 and 10 ml of IO-pg/ml standard silver 
solution. To the next five flasks, add 1.5, 2, 2.5, 3 and 4ml 
of 100~pg/ml standard silver solution. The last flask con- 
tains the zero calibration solution. Add sufficient concen- 
trated hydrochloric acid to each flask for the final solution 
to be 20% v/v hydrochloric acid, then dilute each solution 
to volume with water (Note 2). 

Procedure. Transfer up to 0.25 g (Notes 1 and 3) of 
powdered sample, containing up to u 700 fig of silver (Note - _ 

to a bromine 
solution in carbon tetrachloride 

bromine and 
carbon tetrachloride. 
chloric and perchloric 

present for each 50 ml of final solution (Note 
8) and heat gently to dissolve the salts. Cool, then filter the 
solution 

(50-200 ml) containing sufficient 
lo”/, diethylenetriamine present for 
each 50 ml of final solution (Note 8). Wash the beaker twice 
with 3-5-ml portions of 25% hydrochloric 

similar the 
paper and dilute the solution to volume with water. 

the absorbance 

content (in pg) 
from the absorbances 

bracket the sample concentration. 

ammonia 
solution 

because the 
absorbance 

effects from 
matrix elements, 

silica, unless the silica is by 
volatilization 

cooling the 
solution, 

plastic 
squeeze-type wash-bottle. 

beaker, evaporate dryness and as de- 
scribed. 

4. If lead is present, the amount of sample taken should 
be such that the lead concentration 

because otherwise 

results for silver 
of adsorption 

Bromine is added to and sulphides 

heating of the solution results in the dehy- 
of any silica present. 

7. If appreciable 

volumes of 50, 100 and 200 
ml, add 20, 40 and 80 ml of 50% hydrochloric 

diluted with water 
at this point silver chloride may precipitate. 
volumes of 1o”/0 diethylenetriamine 

aliquot taken for the 
trations of acid and amine in the solution to be the 
same as in the calibration solutions. For a two-fold dilution, 
transfer aliquot of the solution to a 50-ml standard 
flask, add 2.5 ml of the amine solution and 10 ml of 50% 
hydrochloric 

aliquot 
to a 100-m] standard flask and add 7.5 ml of amine solution 
and 30 ml of the acid solution. 

RESULTS AND DJSCUSSION 

Preliminary investigation of the direct acid- 
decomposition/AAS method 

Most investigators have found that the deter- 
mination of silver by AAS is relatively free from 
interelement effects._ Probably the greatest source of 
error in all AAS methods for silver is that caused by 
contamination of the final sample solution with 
chloride. In nitric or sulphuric acid media, this results 
in the precipitation of silver chloride, which is ad- 
sorbed on the walls of glass containers.6 Ammonia,8 
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potassium cyanide: mercury(I1) nitrate6T’0 and 2 25% 
hydrochloric acid’ have been used to dissolve silver 
chloride and to keep silver in solution for its deter- 
mination by AAS. However, diethylenetriamine 
(DTA),” which is used in conjunction with hydro- 
chloric and nitric acids in the tribenzylamine (TBA) 
extraction/AAS and fire-assay/AAS methods2*’ devel- 
oped at CANMET, is also effective, convenient to use 
and considerably less hazardous than potassium cy- 
anide. An acidic DTA medium is also more advan- 
tageous than an ammonia medium because iron, 
aluminium and various other elements form precip- 
itates in ammoniacal media. In the presence of DTA, 
less hydrochloric acid can be employed, which helps 
to reduce burner corrosion. Although a 10% hydro- 
chloric acid-l% DTA medium is used in the TBA- 
extraction method,’ preliminary work showed that 
about a 20% hydrochloric acid-l% DTA medium is 
required for the direct determination of silver in ores 
and concentrates to keep moderate amounts of lead 
in solution. Under these conditions, up to at least 7 
mg of iron(III), 4 mg of zinc, 2.5 mg each of lead and 
nickel and 1.5 mg of copper(I1) per ml will not cause 
significant error in the determination of silver in a 
strongly oxidizing air-acetylene flame. Higher con- 
centrations of lead can cause low results because of 
the precipitation of lead chloride, which occludes or 
adsorbs silver. 

Tests showed that, after decomposition of the 
sample as described in the recommended method and 
the ultimate dissolution of the salts by heating with 
50% hydrochloric acid, the solution should be al- 
lowed to cool to room temperature before the ad- 
dition of DTA solution. Low results will be obtained 
if the DTA solution is added before the heating step. 
It was also found that some jarosites and iron-leach 
residues contained black material which was in- 
soluble in a mixture of hydrochloric, nitric and 
sulphuric acids and which contained microgram 
quantities of silver. These samples could be effectively 
decomposed by treatment with this acid mixture, 
followed by refluxing of the solution with perchloric 
acid. This also dehydrates any silica present. 

Application of the acid-decomposition method to 
CCRiUP reference ores and concentrates and to jar- 
osite residues 

Table 1 shows that the results obtained for seven 
CCRMP reference ores and concentrates’2-‘9 of com- 
plex composition by the recommended acid-decom- 
position method are in reasonably good agreement 
with the mean values obtained by the TBA-extraction 
method’ and, except for PTM-1,15 with the certified 
values. Except for PT’M-1, previously analysed by an 
earlier CANMET fire-assay/AAS tin-collection 
method,4 and for MP-1 and MP-la, the results agree 
well with those obtained at CANMET by the current 
fire-assay/AAS lead-collection method2v3 during the 
respective interlaboratory certification programmes. 
The results obtained for several jarosite residues are 

also in reasonably good agreement with those ob- 
tained at CANMET by the current fire-assay method. 
For the tests with the jarosite residues all the sub- 
samples were taken within 2 days to eliminate possi- 
ble error resulting from the absorption of moisture. 
All the results shown for the recommended acid- 
decomposition method are for individual subsamples. 
Each result is the mean of 6 AAS measurements, and 
the relative standard deviations found under these 
conditions at about the 0.2,2 and 3 pg/ml silver levels 
were N 1.1,0.7 and 0.6x, respectively. This is in good 
agreement with the precision of AAS measurements 
for silver reported by other investigators.*v9 

The results obtained for PTM-1 by both the TBA- 
extraction and acid-decomposition methods are in 
excellent agreement with those obtained at the 
National Institute of Metallurgy (NIM) in South 
Africa’O by “wet-chemical” AAS methods involving 
leaching of the sample with nitric acid. In that work, 
silver was determined either directly with compen- 
sation in the calibration solutions for viscosity and 
matrix effects, or after extraction into toluene con- 
taining iso-octyl thioglycollate. The mean values ob- 
tained at NIM were 73.8 pg/g for 11 results ranging 
from 69 to 77 pg/g and 74.4 pg/g for 10 results 
ranging from 73.2 to 75.6 pgg/g, respectively. The low 
results obtained for PTM-1 by the tin-collection 
method4 could be due to incomplete co-precipitation 
of silver with tin powder after the dissolution of the 
tin button with concentrated hydrochloric acid.20 
From the results of early work carried out at 
CANMET to evaluate the classical fire-assay/lead- 
collection method for silver,2’ it is considered proba- 
ble that slag losses are largely responsible for the 
low results obtained for MP-1 and MP-la by the 
CANMET fire-assay/AAS lead-collection method. 
Faye and Inman 2’ showed that for materials rich in 
copper and/or nickel sulphides, or those that produce 
viscous slags, _ 2% or more of the silver present can 
be lost to the slag. Up to ~0.5% can also be retained 
by the crucible during fusion. These investigators and 
others22-25 also showed that, depending on the tem- 
perature used, a considerable amount of silver (up 
to 2% or more2’) can be lost during the cupellation 
step in classical fire-assay procedures. However, the 
CANMET fire-assay/AAS lead-collection method is 
not subject to this error because it does not involve 
a cupellation step. Table 2, which shows the mean 
results (including outliers) obtained for silver in the 
CCRMP reference materials during the respective 
interlaboratory certification programmes by both 
classical fire-assay and fire-assay/AAS methods and 
by direct acid-decomposition/AAS methods, shows 
that PTM-1 was certified on the basis of fire-assay 
results alone. Consequently, from the results ob- 
tained by the TBA-extraction and recommended 
acid-decomposition methods and those obtained at 
NIM, it is considered highly probable that the 
certified value for PTM-1 is too low and that it 
should be N 75 p g/g of silver. 
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Table 3. Comparison of the mean results obtained for CCRMP materials by the recommended acid- 
decomposition/AAS method with the mean fire-assay (FA) and acid-decgmposition (AD) results obtained 

during the certification programmes 

Ag found, pgig 

Mean CCRMP Mean CCRMP AD/AAS Mean value by the recommended 
Sample FA value value AD/AAS method* 

ecu-I 139.3 138.2 141.0 
CPB- I 622.6 627.6 628.6 
CZN-1 92.3 93.0 94.9 
KC-1 1133 1139 1123 
MP-1 56.1 61.3 60.5 

Comparison of results obtained by the recommended 
acid-decomposition method with those obtained by 
jire-assay and acid-&composition/AAS methoak dur- 
ing the CCRMP certljication programmes 

Table 3 shows that the mean values obtained for 
the CCRMP materials listed in Table 1 (excluding 
PTM-1) by the recommended acid-decomposition 
method are all in excellent agreement with the overall 
mean acid-decomposition/AAS values (Table 2) cal- 
culated from the results obtained during the 
certification programmes. Except for MP-1 I8 and 
MP-la,r9 the results are also in reasonably good 
agreement with the overall mean CCRMP fire-assay 
results obtained by both classical and AAS methods. 
The overall mean CCRMP fire-assay and acid- 
decomposition results (Table 3) are also in good 
agreement, except for MP-1 and MP-la. Most of the 
acid-decomposition methods used in these 
certification programmes involved the AAS deter- 
mination of silver in 225% hydrochloric acid media 
to avoid error resulting from the precipitation of 
silver chloride. 

In Table 2 the low mean fire-assay value for MP-la 
is probably due to the fact that only 4 sets of results 
were reported compared with 12 sets by acid- 
decomposition/AAS methods. The low mean 
fire-assay value for MP-1, as suggested in the 
certification document,‘* is probably caused by cupel- 
lation and slag losses. *’ As mentioned previously, 
both types of loss can occur in classical fire-assay 
methods, but in fire-assay/AAS methods the major 
loss of silver is to the slag. When the original certified 
value for MP-1 was calculated, the fire-assay results 
shown in Table 2 were all corrected by 3% to 
compensate for these losses, even though some of the 
methods used involved AAS finishes. Since their 
certification both MP-1 and KC-l have undergone 
oxidation of their sulphide minerals, with subsequent 
changes in composition. Consequently, in 1978, the 
certified values were recalculated with correction 
factors based on the changes in the zinc contents of 
these ores.” That is the reason for the difference 
between the certified values shown for these ores in 
Tables 1 and 2. To obtain true overall mean values, 
all the outliers omitted in the calculation of the 
CCRMP certified values have been included in 

Table 2 and used in the calculations of the overall 
mean fire-assay and acid-decomposition values. 
However, in the case of KC-l, classical fire-assay 
results that were corrected for silver losses by the 
participating laboratory were not included in the 
calculations because most of these results were high. 
For these reasons and because results by methods 
other than fire-assay and acid-decomposition/AAS 
methods were not included, some of the overall mean 
values shown in Table 2 (viz. for PTM- 1 and PTC- 1’“) 
are not the same as the certified values. 

Precision for silver in ores by the recommended acid- 
decomposition method 

Table 4 shows that the precision of the results for 
silver by the recommended acid-decomposition/AAS 
method at about the 70-100 pg/g level is reasonably 
good, considering the small amount of sample taken 
(0.2-0.25 g) in these tests. The relative standard 
deviation obtained for MP-la is comparable with the 
mean value obtained for the two series of results by 
the CANMET fire-assay/AAS method, but better 
than that obtained by the TBA-extraction method. 
The mean relative standard deviation for KC-l is 
slightly higher than, but still compares favourably 
with, the values obtained by the fire-assay and extrac- 
tion methods. As shown in Table 4 and mentioned 
previously,’ the precision of the tire-assay/AAS 
method would be expected to be slightly better than 
that of the recommended acid-decomposition and 
TBA-extraction methods because of the much larger 
samples usually taken, i.e., N 15-30 g. 

CONCLUSIONS 

From Table 2 it is apparent that direct AAS 
methods involving an acid attack of the sample are 
being used increasingly for the determination of silver 
in ores and related materials.27 However, it is also 
apparent from the variations in the results obtained 
for SU-la by direct acid-decomposition/AAS meth- 
ods that such methods are not the best for the 
analysis of samples containing very small amounts of 
silver, because of the low concentration in the final 
solution, This was why neither SU-la** nor PTC-l26 



ANNOTATION 95 

Table 4. Precision of results for determination of silver in ores 

Sample and method 

Acid-decomposition/AAS 
MP-la 
KC-la 

Fire-assay/AASt 
MP-la 

Standard Relative standard 

A8 found, pggig Mean, pg/g deviation, pg/g deviation, % 

70.9, 69.6, 70.8, 70.1, 69.4 70.2 0.68 1.0 
1116, 1129, 1128, 1131, 1139 1129 8.26 0.7 
1108, 1132, 1097, 1119, 1129* 1117 14.61 1.3 

64.1. 67.0. 66.3. 64.3. 67.1 65.8 1.46 2.2 
66.9; 66.5; 67.9; 67.3; 66.5 67.0 0.59 0.9 

KC- 1 1108, 1114, 1113, 1117, 1111 1113 3.36 0.3 
1106, 1104, 1103, 1118, 1101 1106 6.73 0.6 

TBA-extraction/AAS 
MP-la 
KC- 1 

66.7, 67.0, 66.7, 69.6, 65.0, 69.8 67.5 1.87 2.8 
1109, 1115, 1111, 1118, 1128, 1119 1117 6.77 0.6 

*Silica removed by volatilization with HF (Note 3). 
tResults obtained at CANMET 

by the 

2) 
by 

direct 

of 
low 

of the 
as reported 

as extrac- 
of silver, 

of silver.29*30 In recent 

a mean value of (3 
determinations) a standard deviation (SD) of 

by the 
is 

2) = 0.2 pg/g for 
10 at CANMET by the 

It also 

5 sets of by 
using of the 

in SU-la by the 
is also at 

CANMET by the 
of 4.6 (6 determinations) 

of 0.3 It 

by the is 

in Table 2, but is 
slightly 

of 4.7 
17 sets of silver 

of the of S&la 
in the 

by direct 
it was 

of the 

on the 10 sets of results in which 
of the 

of the In the 
of the of the 

by acid-decomposition 
of the in Table 2 were 

treated as of SU-la 
is probably to 4.6 to the 

of 4.3. is probably 
at this 

of acceptable 

by classical 
by 

fire-assay/AAS is because of the 
of silver in these 
to the 
of the of 
these on the of silver 

or have 

by direct 
or extraction/AAS 

on 
fire-assay 

in this is recommended 
of samples N 10 or more of 

silver. 

< 10 of silver. at 
this if only a small amount of is 
available, is preferable 

be concentrated to 5 or 10 
In the is usually 
in a volume ml of the 

of both 
be improved by using an electrothermal 

3’ Although 
is extremely 

is probably 
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when large batches of sample are to be analysed. A 
minor disadvantage of the method is that calibration 
solutions containing more than - 1 pg of silver per 
ml must be prepared fresh every day. To obtain 
accurate results, it is emphasized that all glassware 
should be washed with - 25% ammonia solution, 
followed by distilled water, just before use. 

Acknowledgement--The authors thank P. E. Moloughney 
for performing the fire-assay/AAS analyses of the jarosite 
residues. Most of the CANMET fire-assay/AAS results for 
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Zusammenfassung--Es wird eine computerunterstihzte Auswertemethode zur Ermittlung von Kom- 
plexzusammensetzungen vorgestellt. Die Methode ist frei von jeglichen Voraussetzungen oder Ver- 
einfachungen und eignet sich daher sowohl fiir starke als such fiir schwache Komplexe. Unterschiedliche 
Komplexzusamrnensetzungen in Abhtingigkeit vom Konzentrationsverhiltnis Metal1 zu Ligand kijnnen 
in e&em einzigen Diagram identin&; werden. 
stiichiometrisch zusammengesetzten unterschieden. 

Nicht stiichiometrische Verbindungen-werden von 

Nahezu gleichzeitig mit der Einfiihrung der Photo- 
metrie als Analysenmethode begannen Versuche, aus 
den erhaltenen Daten Riickschliisse auf Komplex- 
zusammensetzungen zu ziehen. Zu den bekanntesten 
und gellufigsten Methoden zahlen diejenigen von 
Job,’ Yoe und Jones,* die Geradenmethode nach 
Asmus3 und die logarithmische Methode nach Bent 
und French.4 

mit [M] = (m -k), [L] = (I - nk) wobei m = 
Ausgangskonzentration Metall, I = Ausgangskon- 
zentration Ligand, k = Komplexkonzentration, lau- 
tet das Massenwirkungsgesetz: 

(m -k)(I-nk)” =c 

k (1) 

Gemeinsam ist allen vier Methoden eine Ein- 
schrankung hinsichtlich der Art der Komplex- 
dissoziation: so sind die beiden erstgenannten nur auf 
starke, die letzten nur auf schwache Komplexe an- 
wendbar. Der Benutzer dieser Methoden mug daher 
vor der Ermittlung der Komplexzusammensetzung 
zumindest anniihernd das Dissoziationsverhalten des 
interessierenden Komplexes kennen. 

Im Falle sehr schwach dissoziierender Komplexe 
kann man in erster Naherung annehmen, daD bis zur 
vollstlindigen Komplexbildung die Gleichgewichts- 
konzentration der in steigendem MaDe zugegebenen 
Komponente annlhernd gleich Null ist. Die daraus 
resultierende Proportionalitat zwischen Komplex- 
konzentration und zugegebener Komponente bildet 
die Grundlagen des Yoe/Jones- und des Job- 
Verfahrens. 

In der Regel l&Dt sich nach diesen Methoden nur 
eine Komplexzusammensetzung ermitteln, obschon 
die stufenweise Dissoziation von Komplexen bekannt 
ist. Von den innerhalb eines Systems Metall:Ligand 
moglichen Komplexzusammensetzungen wird die 
scheinbar stabilste erfaBt. 

Dieser Nachteil &Bert sich besonders drastisch bei 
den stark dissoziierenden Komplexen, deren Zusam- 
mensetzung nur bei LigandentiberschuD bestimmbar 
ist. Uber den manchmal recht interessanten Bereich 
des aquimolaren Verhaltnisses von Metal1 zu Ligand 
oder den MetalltiberschuBbereich lassen sich keine 
Aussagen machen. 

Obwohl es eine Verbesserung der Bent/French- 
Methode gibt, die keine Vereinfachungen mehr vor- 
nimmt,5.6 so fehlt doch ein umfassender theoretischer 
Ansatz, der die beschriebenen Probleme zu l&en 
vermag. Eine solche Miiglichkeit sol1 im folgenden 
geschildert werden. 

Mit zunehmender Komplexdissoziation gelten 
diese einfachen Zusammenhange jedoch nicht mehr. 
Ziel einer jeden graphischen Auswertemethode fur 
schwache Komplexe ist es nun, durch geeignete Um- 
formung und zulassige Vereinfachung von Gleichung 
(1) aus den bekannten Grogen m bzw. I und der 
MeDgriiDe E -k die Stochiometrie n zu ermitteln. 
Schwierigkeiten bereitet dabei offensichtlich die Um- 
forrnung des komplexen Gliedes (1- nk)“. HHufig 
wird daher die Vereinfachung gemacht, den Sub- 
trahenden nk zu vernachlassigen, was bei hohem 
LigandeniiberschuB such durchaus zullssig erscheint. 
Formt man dann die derart vereinfachte Gleichung 
(1) urn, so erhllt man die bekannte Proportionalitat 
l/1”- l/k, die der Naherungsmethode nach Asmus 
zugrundeliegt. Eine bessere AnnPherung an das ex- 
akte Ergebnis von n ist nur mijglich unter Be- 
riicksichtigung desvollstlndigen Gliedes (2 - nk)“, das 
zur Rechenerleichterung in eine Reihe entwickelt 
werden sollte. 

TI-IEORIR Es ergibt sich fiir 1 I n I 3: 

Fur eine Komplexbildung nach (1 - nk)” = 1” - n*/(“-‘)k 

M+nL=ML, + (&z21’“-*)k2 - (?)n3k3 (2) 
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mit (i) = n!/b!(a -b)! Fur n = 1 sind die beiden 
letzten, fur n = 2 das letzte Glied gleich Null. 

Setzt man zur Auswertung seiner MeBdaten Glei- 
chung (2) in Gleichung (1) ein, multipliziert zunachst 
die Klammern aus und dann jedes Glied mit dem 
Faktor I(“- ‘j/k, und ordnet anschliel3end alle k ent- 
haltenden Glieder auf die linke Seite, so erhllt man 
Gleichung (3): 

ml/k + n2k + (&t2k(m - k)/l + ($t3k2Pn)(k -m) 

= n2m + (C + P)l( -n). (3) 

Es resultiert eine Geradengleichung der Form 
y=ax+bmita=n2,x=m,b=(C+1”)1(‘-“),der 
Ausdruck fur y umfagt allerdings die gesamte linke 
Gleichungsseite und wird sinnvollerweise mit Hilfe 
einer Rechenanlage bestimmt. Trlgt man fur n = 1, 
2, 3 den jeweils linken Gleichungsteil gegen die 
variable Metallkonzentration auf, so erhalt man drei 
Kurvenztige. Man vergleicht die Steigungen der Kur- 
venziige mit den theoretisch zu erwartenden Stei- 
gungen n2. Stimmt-gegebenenfalls nur in einem 
bestimmten Konzentrationsbereich-die Steigung 
einer Kurve mit der theoretischen iiberein, so besitzt 
der Komplex in diesem Bereich die Stochiometrie 
ML,,. 

Setzt man in Gleichung (3) die Werte von n = 1, 2 
und 3 ein, erhiilt man drei Einzelgleichungen, die sich 
durch Umformen noch etwas vereinfachen lassen: 

n=l*ml/k+k=m+l+C (4a) 

n = 2=+-m12/k + 4mk + 4lk - 4k2 

= 41m + I2 -I- C (4b) 

n = 3*m13/k + 21 mlk - 21 mk2 

+912k-271k2+27k3 

= 9 I’m + I3 + C. (4) 

Der Vorteil von Gleichungen (4a&) gegeniiber Glei- 
chung (3) liegt in der besseren Ubersichtlichkeit der 
gegeneinander aufgetragenen Werte; man mu13 aller- 
dings dabei in Kauf nehmen, dal3 die erhaltenen 
Steigungen noch eine Potenz von I als Faktor ent- 
halten. Welche der Gleichungen, (3) oder (4a-4c), 
man zur Auswertung benutzt, ist auf Grund der 
mathematischen Aquivalenz gleichgiiltig. 

Bei Benutzung einer Rechenanlage ist es in jedem 
Fall zu empfehlen, die Werte der linken Gleichungs- 
seite (n) nicht nur berechnen, sondern mit Hilfe eines 
Plot-Programmes die drei Kurvenztige und die the- 
oretisch zu erwartende Steigung ausdrucken zu las- 
sen. Der Arbeitsaufwand dieser Methode reduziert 
sich dadurch auf das Eingeben von MeBwerten und 
Konzentrationen in den Rechner und Vergleich von 
experimenteller und theoretischer Steigung des aus- 
gedruckten Diagrammes. 

Ein willkiirlich gewlhltes Beispiel mit typischen 
Kurvenziigen zur Veranschaulichung der Aus- 
wertemethode zeigt Abb. 1. In diesem Beispiel liegt im 

Bereich m : 1 = O-O. 13 ein 1: 3-, im Bereich 0.29-0.42 
ein 1: 2- und im Bereich > 0.5 1 ein 1: 1 -Komplex vor. 
Dazwischen liegen jeweils die Bereiche der Kom- 
plexumformierung (zwei Komplexe nebeneinander), 
in denen die theoretisch geforderten Steigungen nicht 
mit den experimentell gefundenen tibereinstimmen 
kiinnen. 

Nichtstochiometrische Verbindungen konnen 
dagegen leicht identifiziert werden. Im Ubergangsbe- 
reich stijchiometrischer Verbindungen Hndert sich die 
experimentelle Steigung derart, dal3 sie von einem 
n-Wert weg auf einen anderen hin zustrebt; bei 
nichtstochiometrischen Verbindungen dagegen 
entfernen sich mit zu- oder abnehmendem Metall- 
gehalt alle experimentellen Steigungen zunehmend 
von allen theoretischen, und eine tfbereinstimmung 
aller drei experimentellen mit den theoretischen 
Steigungen kann im gleichen Konzentrationsbereich 
auftreten. 

Abbildung 2 zeigt als Beispiel daftir die un- 
stiichiometrische Adsorptionsverbindung zwischen 
Mg und Titangelb, ausgewertet nach obigem Ver- 
fahren. 

Die Vorteile der beschriebenen Auswertemethode 
sollen abschliegend durch Vergleich mit den iiblichen 
Verfahren aufgezeigt werden. Komplexiert man 
beispielsweise Co2 + mit 4-[Pyridyl-(2)-azo]-resorcin 
(PAR) bei pH 7.0 (Phosphatpuffer) und tibertragt die 
gemessenen Extinktionen nach der Methode von Yoe 
und Jones in ein Diagramm, so ergibt sich der 
Kurvenzug von Abb. 3. 

Der Informationsgehalt dieses Diagrammes ist 
gering. Da der gebildete Komplex anscheinend deut- 
lich dissoziiert, liegen nur die ersten 5 MeDpunkte auf 
der Extrapolationsgeraden. Die daraus ermittelte 
Komplexstochiometrie von 1: 3 ist auf Grund 
mangelhafter Ubereinstimmung sehr unsicher. 

Wegen der scheinbar nicht zu vernachlassigenden 
Komplexdissoziation und zur Kontrolle der 
Ergebnisse empfiehlt sich eine weitere Auswertung 
nach einer Methode, die fiir stark dissoziierende 

Abb. 1. Ermittlung der verschiedenen Komplexzusammen- 
setzungen in Liisung: f(n) = linke Seite der Gleichungen 

(4a-4c). 
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Abb. 2. Graph&he Auswertung der unstiichiometrischen 
Adsorptionsverbindung Mg/Titangelb nach Gleichungen 

(4a-4c). 

Komplexe geeignet ist. Abbildung 4 zeigt die Aus- 
wertung der MeBergebnisse nach der Asmus- 
Methode. Da bei unseren Messungen nicht die 
Reagenz-, sondern die Metallionenkonzentration 
variiert wurde, gibt der reziproke Wert von n 
AufschluD iiber die Komplexstochiometrie. 

Aus den gegenlaufig gekriimmten Kurvenziigen fiir 
n = 1 und n = f geht hervor, da13 die tatsiichliche 
Komplexzusammensetzung dazwischenliegen sollte. 
Die demnach zu erwartende Stiichiometrie von 
M : L = 1:2 wird aber nur in einem kleinen Kon- 
zentrationsbereich durch die Geradenform Wr n = i 
bestiitigt, oberhalb und unterhalb dieses Bereiches ist 
die n = fKurve ebenfalls gekriimmt. Die Form der 
Kriimmung deutet dabei auf einen Komplex hin, 
dessen Zusammensetzung zwischen ML und ML2 
liegt. Andererseits 1HDt sich der obere Teil des Kur- 
venzuges (niedrige Metallkonzentrationen) fiir n = f 
ebensogut durch eine Gerade wiedergeben wie fur 
n = 4; die Abweichungen bei steigender Metall- 
konzentration werden allerdings bei n = f griil3er als 
bei n = f. 

Sollte man aus diesem Diagramm eine Kom- 
plexstiichiometrie ermitteln, miil3te man trotz der nur 
mlgigen Ubereinstimmung und hauptsachlich ge- 
stiitzt auf die gegenlaufig gekriimmten Kurvenziige 
fiir n = 1 und n = f auf einen 1: 2-Komplex schliegen. 

, 
E 
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Abb. 3. Kobalt/PAR-Komplex, Auswertung nach Yoe- Abb. 5. Kobalt/PAT-Komplex, Auswertung nach Glei- 
Jones. chungen (4a-4c). 

Die Unstimmigkeiten und Ungenauigkeiten lassen 
das Ergebnis jedoch keinesfalls als gesichert 
erscheinen. 

Somit unterscheiden sich die Ergebnisse aus der 
Yoe und Jones- bzw. der Asmus-Auswertung; eine 
Entscheidung iiber die Komplexstiichiometrie ist 
nicht miiglich. 

Weitergehende Aufschliisse vermittelt dagegen 
Abb. 5, die die Auswertung nach der hier be- 
schriebenen Methode zeigt. Innerhalb des Konzen- 
trationsbereiches I 0.12-fach molare Kobaltmenge 
(die erstens 5 MeBpunkte) liegt ein 1: 3-Komplex vor, 
der sich in genau diesem Bereich such nach der 
Methode von Yoe und Jones nachweisen la& (vgl. 
Abb. 3). Mit steigender Kobaltmenge ergeben sich 
Abweichungen vom theoretischen Verhalten eines 
1: 3-Komplexes. Die theoretische Steigung eines 
1: 2-Komplexes beriihrt die experimentelle Kurve nur 
als Tangente, und lediglich die letzten beiden 
MeBpunkte (> 0.4-fach molare Kobaltmenge) stehen 
in Ubereinstimmung mit dem theoretisch zu er- 
wartenden 1: 1-Komplex. 

Als Resultat dieser Auswertung ergibt sich, da8 bei 
hohem Ligandeniiberschug ein 1:3-Komplex gebildet 

1,l I I I I I I I I I I I1 

2 3 4 5 6 7 6 9 IO 11 12 13 E 

Abb. 4. Kobalt/PAR-Komplex, Auswertung nach Asmus. 

cco~+1 

O,l 42 43 44 [PAR1 



100 TH. PRANCE et al. 

wird, der bei weiterer Metallzugabe zerfilllt. Ein 
eventuell existierender 1: 2-Komplex kann nicht sehr 
stabil sein, da er in keinem grBDeren Kon- 
zentrationsbereich rein vorliegt. Amwahrschein- 
lichsten ist der tiber einen weiten Konzentrations- 
bereich ausgedehnte Zerfall in einen 1: 1-Komplex, 
der mit abnehmender Ligandkonzentration 
zunehmend Oberhand gewinnt. Man kann aber 
einen mehrkernigen M,L,-Komplex nicht auschlieben. 
(Zur Ermittlung der Stiichiometrie solcher Komp- 
lexe mit den beiden Unbekannten p und q ist die 
MeBung einer weiteren GroBe, zum Biespiel [L], 
erforderlich; ein Verfahren dazu wurde ausge- 
arbeitet’ und wird in Kiirze publiziert.s 

Das Ergebnis dieser Auswertung 1lDt sich mit den 
Resultaten der Yoe/Jones- und der Asmus-Methode 
vergleichen. Der stabilste Komplex innerhalb des 
Systems Co/PAR ist der 1: 3-Komplex. Dieser wird 
zwar von der fur stabile Komplexe geeigneten 
Yoe/Jones-Methode erkannt, sollte der Auswertung 
nach jedoch instabil sein. Komplexumformierungen 
lassen sich nach Yoe und Jones nicht erkennen. 

Die Asmus-Methode legt die Existenz eines 
1 :ZKomplexes nahe, doch ist die Aussage nicht 
gesichert. ErklHren llljt sich das falsche Ergebnis 
durch den groBen Konzentrationsbereich, in dem 
weder 1: 3- noch 1: 1-Komplexe rein vorliegen. Deren 
Mischung 1X9 sich in der Asmus-Darstellung am 
besten durch einen 1: 2-Komplex wiedergeben. 

Die Vorteile der beschriebenen Methode liegen in 
folgenden Punkten. 

Es sind-im Gegensatz zu den bisherigen Ver- 
fahren keine Vorabinformationen fiber die Sta- 
bilitat der untersuchten Komplexe erforderlich. 

Die Komplexbildung 11Bt sich mit einer Ver- 
suchsreihe und einer Auswertemethode iiber einen 
sehr groDen Bereich Metal1 : Ligand untersuchen. 

Die Methode erlaubt Aussagen tiber sukzessive 
Komplexbildungsgleichgewichte. 

Aus dem Ordinatenabschnitt der bestangepaBten 
Geraden 1aDt sich die Gleichgewichtskonstante C fur 
die jeweilige Komplexbildungsreaktion abschltzen. 

Danksagung-Wir danken den Herren H. Pinstock und N. 
Buschmann fiir die Erstellung der Rechnerprogramme turd 
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Summary-A computerized plotting method for the determination of the stoichiometry of complexes is 
introduced. The method has no assumptions or simplifications, and is applicable to both strong and weak 
complexes. Different stoichiometries, as a function of the metal to hgand concentration-ratio, can be 
identified in a single diagram. Furthermore, non-stoichiometric complexes can be recognized. 
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DIFFERENZSPEKTROSKOPISCHE UND 
PULSPOLAROGRAPHISCHE UNTERSUCHUNGEN 

ZUR ZUSAMMENSETZUNG DER 
KUPFER-ALIZARIN S-KOMPLEXE 

TH. PRANCE, H. D. SOMMER und F. UMLAND 
Anorganisch-chemische Institut der Universitlt Miinster, CorrensstraBe 36, 

D-4400 Mtister/Westf., BRD 

(Eingegangen am 21. M&z 1983. Angenommen am 8. September 1983) 

Zusammenfassung-Aus differenzspektroskopischen, konduktometrischen und pulspolarographischen 
Daten liel3 sich nachweisen, daD drei Cu-Alizarin S-Komplexe mit den Zusammensetzungen 1:2, 1: und 

Reagenzien 
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585 505 425 345 

X tnm) 
Abb. 1. Spektren von l0-4M Cu-Aliz S-Komplex (1: 1) bei 
KupfertiberschuB (5 x 10e4M) und 10m4M Aliz S in Wasser 

gegen Wasser gemessen. 

Der Deckungsbereich mit den experimentellen Kur- 
ven gibt ungefahr den Existenzbereich der Komplexe 
an: der 1: 1 Cu-Alizarin S-Komplex liegt in Wasser 
erst bei mehr als zweifachem MetalliiberschuB voll- 
standig vor. Bei kleineren Molverhaltnissen steht er 
im Gleichgewicht mit 1 :ZKomplexen, die unterhalb 
Cu:Alizarin S = 0.9:1 dominieren. 1:3-Komplexe 
konnten nicht nachgewiesen werden. 

Konduktometrische Messungen 

Weitere Aussagen iiber Komplexbildung und 
umlagerung sind moglich, wenn man die Pro- 
tonenfreisetzung bei steigender Metallkonzentration 
und konstanter Ligandenkonzentration in 
ungepufferter Losung konduktometrisch verfolgt 
(Abb. 4). 

Die Leitfiihigkeitskurve zeigt einen steilen Anstieg 
bis zum ca. zweifachen KupferiiberschuD, dann ein 
flaches fjbergangsgebiet bis zum ca. ftinffachen 
KupfertiberschuD, gefolgt von einem erneuten, we- 
niger steilen Anstieg. Ab dem ca. achtfachen 
KupfertiberschuB begann der Komplex auszufallen. 

Im flachen ubergangsgebiet werden keine Pro- 
tonen freigesetzt, da die Steigungen der Leit- 
fiihigkeitskurve (Abb. 4a) in diesem Bereich und in 
einer reinen Kupferliisung (Abb. 46) gleich sind. Der 
Anstieg der Leitfahigkeitskurve uor dem ubergangs- 
gebiet 1lDt sich mit den spektroskopischen Aussagen 
korrellieren und gestattet die Aufstellung der Re- 
aktionsschemata [Gleichungen (1) und (2)]. 

Die eingesetzten Ladungen sagen iiber die tat- 
slchliche Ladung des Komplexes nichts aus. Es 

Abb. 2. Differenzspektrum des Cu/Aliz S-Systems in 
ser (Ausgangskonzentrationen 10e4M Aliz S 

6 x 10-4M Cu*+). 

Was- 
und 

Abb. 3. Ermittlung der Komplexzusammensetzungen im 
System Kupfer/Aliz S; f(n) = linke Seite der Gleichungen 

(4a-4c) der vorangehenden Veroffentlichung.’ 

wurde aber durch FPllung mit Kationentensiden 
nachgewiesen, da13 die 1: 2- und 1: 1-Cu-Alizarin S- 
Komplexe negativ geladen sind. Sie konnen aber- 
wie such Yasukouchi5 fur Alizarinkomplexe 
beschrie&noch weitere gebundene Anionen ent- 
halten, die hier unberiicksichtigt bleiben. Der nach 
Gleichung (3) ausfallende Komplex ist im ganzen 
ungeladen. 

Zu Beginn der Komplexbildung entsteht bei 
LigandiiberschuD der 1:2-Komplex (vgl. Abb. 3). 
Dadurch miissen je Komplexmolekiil zwei Protonen 
frei werden (H2L = Alizarin S): 

Cu’+ + 2H,L+Cu(HL);- + 2H+. (1) 

Bei mehr als 0.9-fach molarer Kupfermenge entsteht 
aus dem 1 :ZKomplex zunehmend der 1: 1-Komplex, 
der ab der zweifach molaren Kupfermenge rein vor- 
liegt (vgl. Abb. 3). 

In diesem Schritt miissen nach Abb. 4 zwei weitere 
Protonen frei werden. Wir formulieren deshalb 
den (1: I)-Komplex als Kupferhydroxo-Alizarin- 
Komplex: 

A ,’ 

6- .0.’ lo) 

5- 

1 2 3 4 5 6 7 

[c”*+] 
[Ah S] 

Abb. 4. Leitf%higkeitskurven in Wasser/Ethanol (1:l): (a) 
einer Aliz S-Liisung in Abhlngigkeit von der zugesetzten 
Cu*+-Menge; (b) einer Aliz S-freien CuZ+-Losung, bei der 
die zugesetzte Cu*+-Menge in gleichen Schritten wie bei (a) 

erhoht wurde. 



Cu(HL):- + Cu2+ + 2H,O 
I II III 

=2Cu(OH)(HL)- + 2H+ (2) 

Der bei cu. achtfachem KupferiiberschuB ausfallende 
Komplex wurde isoliert und analysiert. Er hat die 
Zusammensetzung Cu:Alizarin S = 2: 1. Man kann 
ihn praparativ am besten aus acetatgepufferter 
Losung (pH 4-5) durch FPllung mit der cu. zehn- 
fach molaren Kupfermenge herstellen. Unter 
Berilcksichtigung des konduktometrischen Befundes 
(Abb. 4) miissen bei der Bildung dieses Komplexes 
noch weitere Protonen frei werden. Es kann sich also 
nicht urn eine einfache Salzbildung mit der Sul- 100 0 - 100 -200 -300 -400 

fonatgruppe handeln. Wir nehmen deshalb an, dal3 E CmV) 

ein weiteres Cu2+ chelatartig gebunden wird. Man Abb. 5. Pulspolarogramme: (a) Lijsung des Cu,Aliz S- 
kann also schreiben: Komplexes in DMF/Wasser (1: 1); (b) wie (a), nach Zusatz 

von A13+; (c) wie (a), nach Zusatz von Be*+. 
Cu(OH) (HL)- + Cu2++Cu2 (OH) (L) + H+ (3) 

wobei bis Beginn der Flllung bei achtfachem reichen Liisungen die Dissoziation unvollstlndig ist 
KupferiiberschuB nur ca. 50% umgesetzt werden. Bei und Wasser die Dissoziation sehr stark begiinstigt. 
vollstiindigem Umsatz mu13 die doppelte Menge Pro- Eine weitere Moglichkeit, quantitativ zwischen 
tonen freigesetzt werden als nach Abb. 4 angezeigt freiem und gebundenem Kupfer zu unterscheiden, 
wird. ergibt sich, indem man der Losung A13+ zusetzt (Abb. 

Wenn es sich bei der mit KupferiiberschuB aus- 5b). Dieses wird im Komplex gegen Cu2+ aus- 
gefallten Verbindung urn ein definiertes zweikerniges getauscht, da der Al-Alizarin S-Komplex wesentlich 
Chelat handeln sollte, mu&en die beiden Cu-Ionen stabiler ist als der Cu-Alizarin S-Komplex. Der 
verschieden-eines in ortho-, das andere in peri- Cu-Alizarin S-Peak (II) verschwindet, der Cu-Peak 
Stellung-an Alizarin S gebunden sein. Es taucht die (I) steigt auf das Doppelte. Damit konnte gezeigt 
Frage auf, welche Stellung in den 1:2- und werden, da13 in Losung ein 1: 1-Komplex vorliegt. 
1: l-Komplexen zuerst besetzt wird. Gegen Be2+ la& sich das gebundene Cu*+ nicht 

Polarographische Messungen 
austauschen (Abb. 5~). Die Stabilitat des 1:l 
Cu-Alizarin S-Komplexes liegt also zwischen der des 

Fur rein wHRrige Liisungen 1ieD sich diese Frage Be-Alizarin S- und des Al-Alizarin S-Komplexes. 
pulspolarographisch l&en (s.u.), allerdings nur bei Aus der Lage des Peak (III) kann man nun 
sehr kleinen Kupferkonzentrationen im Bereich des auf die Stellung des noch gebundenen Kupfers 
Cu(HL),-Komplexes. Bei Erhtihung der Kup- ri.ickschlieBen. Wie bereits friiher ausgeftihrt,’ 
ferkonzentration treten zusatzliche positive Peaks verschiebt sich der Reduktionspeak des Alizarin S 
durch Adsorption von Kolloidteilchen auf, die eine kaum bei einer komplexen Bindung eines Metallions, 
Auswertung unmiiglich machen. Wir gingen deshalb wie A13+, an die beiden phenolischen OH-Gruppen in 
von dem durch Flillung isolierten 2: I-Komplex aus. ortho-Stellung. Eine deutliche positive Verschiebung 

Versuche ergaben, daI3 sich die ausgefallten Par- beobachtet man dagegen bei Bindung der Ionen, wie 
tikel in Dimethylformamid (DMF) recht gut l&en. Be2+, in peri-Stellung, wobei das polarographisch 
Diese Liisungen wurden pulspolarographisch un- aktive, chinoide System starker beansprucht wird. 
tersucht. Die Polarogramme der Komplexliisungen in Der Reduktionspeak (III) des Cu-Alizarin S- 
reinem DMF waren jedoch schlecht interpretier- Komplexes liegt nun beim gleichen Potential wie der 
bar, deshalb wurde vorzugsweise in DMF/Wasser- entsprechende Be-Alizarin S-Peak und ist gegeniiber 
Mischungen gearbeitet. dem Al-Alizarin S-Peak deutlich positiv verschoben. 

Man erhllt ein Spektrum von drei Peaks (Abb. 5a), Das bedeutet, da13 sich das in DMF-LBsung gebun- 
die wie folgt zuzuordnen sind: der positivere Peak (I) dene Kupfer in peri-Stellung des Alizarin S befindet. 
entspricht dem Cu2+-aqua-Ion, der mittlere Peak (II) Einen entsprechenden Befund erhalt man fur sehr 
dem an Alizarin S gebundenen Kupfer, der negativere verdtinnte rein wal3rige Lijsungen im Bereich des 
Peak (III) ist der Reduktionspeak des komplex- 1: 2-Komplexes. 
gebundenen Alizarin S. Zusammenfassend ergibt sich also: bei Zugabe von 

Aus der annahernd gleichen Hohe der Peaks folgt, Cu2+ zu einer 10m4M Alizarin S-Losung bildet sich 
daI3 der Komplex in 1:1 DMF/Wasser-Mischungen zunachst ein 1:2 Komplex mit peri-standig gebunde- 
vollstiindig in die 1: I-Verbindung und freies Kupfer nem Kupfer, der ab etwa dem Verhaltnis Cu:Alizarin 
dissoziiert. S = 0.9: 1 zunehmend in einen 1: 1-Komplex i&r- 

Aus Mischungsreihen darf-wegen der schlechten geht. Die Bildung des 1: 1 Komplexes ist etwa bei der 
Auswertbarkeit der Polarogramme in reinem DMF Kupferkonzentration 2 x 10m4M abgeschlossen. Bei 
mit Vorbehalten-geschlossen werden, dal3 in DMF- weiter steigender Kupferkonzentration bildet sich 
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etwa von 5 x 10-4M Cu*+ an unter Protonen- 
freisetzung ein weiterer Komplex, der zunlchst in 1. 
einer Wasser/&hanol-Mischung in Losung bleibt. 
Bei etwa achtfachem KupferiiberschuB (8 x 10m4M) *. 
beginnt ein 2:1-Komplex auszufallen. Dieser dis- 3. 
soziiert in 1: 1 Wasser/DMF-Mischung vollstandig in 4. 
Cu2+ und einen l:l-Komplex, in dem das Cu2+ 
ebenfalls peri-stiindig gebunden ist. Es ist an- 5. 
zunehmen, daD das bei hoher Kupferkonzentration 6 

’ zusltzlich eintretende Kupfer ortho-standig gebun- 
den wird. I. 
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Smmmuy-From differential spectrophotometric, conductometric and pulse polarographic data, three 
copper-Alizarin S complexes (with compositions 1:2, 1: 1 and 2: 1) can be identified. The copper-rich 
2:l-compound can be precipitated from aqueous solution. In dimethylformamide/water solutions the 
copper in the 1: l-complex is bound in the peri-position. 
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MODIFIED NORMAL PULSE POLAROGRAPHY OF 
ALKALI-METAL IONS IN ACID SOLUTION 
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Summary-Well-defined polarograms of five alkali-metal ions in O.OlM hydrochloric acid were obtained 
by means of modified normal pulse polarography. The method uses the procedure of anodic stripping 
chronoamperometry during the life-time of a drop from a dropping mercury electrode, namely preparation 
of electrode, accumulating step and anodic stripping step of a metal. The instantaneous polarographic 
currents were sampled only once per mercury drop after the fall of each pulse. The wave heights for 
alkali-metal ions by the present method are free from the interference caused by O.OlM hydrochloric acid. 
The present method is applicable to monitoring of alkali-metal ions in fluid acid streams. 

Normal pulse polarography CNpP) and differential 
pulse polarography (DPP) have been used for the 
determination of many metal ions, but have scarcely 
been applied to the determination of alkali-metal 
ions. D.C. polarography and A.C. polarography of 
alkali-metal ions have been performed, with tetra- 
alkylammonium hydroxides as supporting electro- 
lyte,‘,* but it is difficult to determine alkali-metal ions 
in acid solutions by means of D.C. polarography, 
because the large hydrogen wave interferes in the 
measurement of the wave heights. Moreover, at low 
pH the dislodgement of the mercury drops from the 
dropping mercury electrode (DME) is disturbed by 
the adhesion of hydrogen bubbles on the electrode 
surface. 

Ishibashi et al. investigated the A.C. polarographic 
behaviour of alkali and alkaline-earth metal ions and 
reported that the peak heights for a fixed concen- 
tration of sodium were constant at pH > 4 but de- 
creased with the pH at lower pH-values. 

In a previous paper,4 we reported on modified 
normal pulse polarography (MNPP) in which the 
current is sampled after the fall of each pulse. A 
well-defined polarogram for barium in 0.0 1 M hydro- 
chloric acid and O.lM tetramethylammonium bro- 
mide was obtained by means of MNPP, and no 
hydrogen-ion waves were observed. The timing se- 
quence in modified normal pulse polarography is 
shown in Fig. 1. The drop-interval of the DME 
is controlled by a mechanical knocker and the 
measurement of current is synchronized with dis- 
lodgement of the mercury drop. Pulses of short 
duration, T2, and increasingly negative potential are 
added to the fixed initial potential, E,, to give a 
regularly increasing potential E2. The pulses are 
applied to the DME when the pulse delay time, T,, 

has elapsed after growth of a new drop. The polaro- 
graphic current is sampled and held after a delay 
time of T3 from the fall of the pulse, when the 
charging current has decayed to an insignificant 

value. The amalgamated metals deposited during the 
pulse duration T2 are oxidized and the dissolution 
current is measured. The mercury drop then falls off 
and a new cycle begins. 

In this study, the behaviour of the five principal 
alkali-metal ions in MNPP was investigated with a 
view to their determination at lower pH. The effects 
of initial potential, pulse duration and pH of the 
sample solution, on the polarograms, are discussed. 

Apparatus 

EXPERIMENTAL 

The modified normal pulse polarograph used was the one 
reported previou~ly.~ The homemade polarograph consisted 
of a pulse generator, potentiostat, sample-hold circuit and 
timing circuit, which were constructed from LF356 JFET- 
input operational amplifiers (National Semiconductor), 
p@C252- MOSFET-input operational amphfiers (Nihon 
Electricl. 3SK38A MOSFET switches (Toshiba Electric1 

I 

and NE555 timer ICs (Signetics). The current-time curves 
were measured with a Kawasaki Electronica TM-1410 
transient memory in combination with a Hitachi 056 pen 
recorder. A saturated calomel electrode with Vycor glass- 
plug double junctions was used as a reference electrode in 
order to avoid contamination of the sample solutions with 
potassium. The mercury column of the DME was divided 

Life tams of o mercury drop I I 
I I 

relay twne of pulse application IT, ); I 
\ 
I 

Pulse durotlon lT2) 
I 
I 

c1 ) 
I’ I 

Delay time of current somptmg (T& 
11 I 

NPP, RPP 

Present method 

Electrode potential 

current I 

Fig. 1. The timing chart of the modified normal pulse 
polarograph. The arrow A indicates the sampled value in 
NPP, and the arrow B shows that in the present method. 
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into two parts by an air layer just above the capillary, so as 
to suppress the noise resulting from the A.C. source.“ The 
lead-wire from the DME to the polarograph was attached 
to the lower part of the column. The flow-rate of the DME 
was fixed at 0.630mg/sec. 

Reagents 
A standard lithium solution was made from lithium 

chloride prepared from lithium carbonate and hydrochloric 
acid. Standard solutions of the other alkali-metal ions were 
prepared by dissolving their chlorides. Reagent-grade tetra- 
methylammonium bromide was employed as supporting 
electrolyte without further purification. All chemicals used 
in this experiment were reagent ffrade. The sample solutions 
were deaerated by passage of nitrogen through them for 
15 min, and nitrogen was flushed over the solutions during 
measurements. 

RESULTS AND DISCUSSION 

Polarograms 

Three kinds of pulse polarograms for lithium in 
1 x 10-‘&l hydrochloric acid are shown in Fig. 2. The 
normal pulse polarogram (1) has a large reduction 
wave for hydrogen ion at - 1.71 V and a small 
reduction wave for lithium ion at -2.35 V. The 
reduction wave of hydrogen ion in the reverse pulse 
polarogram (2) is smaller than that of the normal 
pulse polarogram. The small wave which appears at 
-2.1 V seems to be due to alkali-metal ions in the 
tetramethylammonium bromide. In reverse pulse po- 
larography of this solution, El should be set at 
-2.50 V or a more negative potential, where the 
reduction of lithium ion is diffusion-controlled,5 but 
was set at -2.40 V in order to avoid the irregular 
dislodgement of mercury drops. Curve 3 shows a 
modified normal pulse (MNP) polarogram, which 
has no hydrogen waves in it. Curve 3 is identical with 
the polarogram of lithium ion in a neutral solution. 
Therefore, the present method is suitable for the 
polarography of species which are reduced together 
with hydrogen ion in acid solutions. 

Effect of initial potential 

As shown in Fig. 2, there are no hydrogen waves 
in the MNP polarogram if E, is appropriately chosen. 

I I I I I I 

0.0 -0.5 -10 -15 -2.0 -25 

E, (Vvs. SCEI 

Fig. 3. Effect of E, on the oxidation current of sodium: O.lM 
Me,NBr (HCI), 4.02 x 10m4M NaCl. T, = 1.111 set, 
T,= 117.6msec, T,=2.3msec. E,= -2.4OV. pH: (1) 5.6, 

(2) 2.9, (3) 1.8. 

The effect of E, on MNP polarograms of sodium 
chloride at different pH values was therefore studied. 
The result is shown in Fig. 3. The pulse potential E2 
was fixed at - 2.40 V and E, was varied. The current 
was measured 2.3 msec after the fall of the pulse. 
Curves analogous to reverse pulse polarograms were 
obtained. At pH 2.9, the currents for the E, potential 
range from -1.5 to -2.OV are the sums of the 
oxidation current of sodium and the reduction cur- 
rent of the hydrogen ion. When E, is set at a more 
positive potential than - 1.4 V, the currents do not 
contain the hydrogen-ion component, irrespective of 
pH. An E, of - 1.00 V was therefore chosen. 

Efect of pulse duration 

When the pulse potential is set in the range for the 
diffusion-current plateau of the alkali-metal ions, the 
alkali metals are accumulated in each mercury drop 
during pulse duration T2. Figure 4 shows the effect of 
pulse duration on the oxidation current of the amal- 
gamated sodium (neutral solution). The currents 
increase with pulse duration T2, but the relation is not 
simple.5*6 The currents may be affected by growth of 
the mercury drop and the complicated concentration 
gradient of sodium in the mercury drop. Similar 
behaviour (at a glassy carbon electrode) was reported 
for the reverse differential normal pulse voltammetry 
of iron(I In neutral solution, the anodic half-wave 

I I I I 

-10 -15 -20 -2.5 

E, (V vs. SCE) 

Fig. 2. Three kinds of pulse polarogram for lithium chloride 
in hydrochloric acid: O.lM Me,NBr, 1 x lo-‘M HCl, 
4.26 x 10e4M LiCl. T, = 1.111 set, T, = 117.6 msec, 
T3 = 2.3msec. E,: (1) and (3) -l.OOV, (2) -24OV. (1) 

NPP, (2) RPP, (3) present method. 
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Fig. 4. Effects of the pulse duration and delay time of 
current sampling on the oxidation current of sodium: 0.1 M 
Me,NBr, 4.02 x 10-4M NaCl. E, = - 1.00 V, Er = 
-2.3OV. T, = 1.111 set, T, (msec): (1) 1.1, (2) 2.3, (3) 5.7. 
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I I I I I 
-16 -20 -22 -24 -26 

E, (V “s SCE) 

Fig. 5. Effect of pulse duration on the polarogram of sodium 
chloride in hvdrochloric acid: O.lM Me,NBr. O.OlM HCl. 
4.02 x 10-4ti NaCI. E, = -1.oov: i; = 1.111 set; 
T, = 2.3 msec, T2 (msec): (1) 12, (2) 23, (3) 57, (4) 118, (5) 

240, (6) 524. Curve 7, T2 = 524msec (HCl absent). 

potentials of sodium were constant, regardless of the 
pulse duration. 

The effect of pulse duration on oxidation current 
in acid solution is shown in Fig. 5. The wave height 
decreases and the half-wave potential shifts to more 
negative potential with decrease in the pulse duration. 
When the pulse durations are 12,23, 57, 118,240 and 
524 msec, the half-wave potentials are -2.34, -2.26, 
-2.20, -2.17, -2.16 and -2.15V vs. SCE, re- 
spectively. The dashed line shows the polarogram of 
sodium chloride in a neutral solution, in which the 
pulse duration is 524 msec and the half-wave poten- 
tial is -2.11 V vs. SCE. In neutral solution the 
half-wave potential for sodium is independent of the 
pulse duration. To investigate the cause of the shift 
of half-wave potentials (Fig. 5), the reduction current 
vs. time curves of hydrogen ion during the pulse 
period were measured and the results are shown in 
Fig. 6. The same results as those shown in Fig. 6 were 
obtained for a solution which did not contain sodium 
ions. The plateaus on the initial parts of these curves 
indicate that the reduction of hydrogen ion at the 
DME is not diffusion-controlled in the plateau range. 
When the current is very large, the iR-drop between 
the DME and the tip of the reference electrode 
cannot be neglected and the real potential drop across 
the DME-solution interface is smaller than the ap- 
plied potential. This effect is more significant at the 

20 

t 

00 I 

0 25 50 

Time 1 msec) 

Fig. 6. Current-time curves for reduction of hydrogen ion 
during pulse periods: O.lM Me,NBr, O.OlM HCl, 
4.02 x 10-4M NaCl. T,= 1.111 set, r,= 117.6msec. 
E,= -l.OOV, Es (1) -1.8OV, (2) -2.OOV, (3) -2.2OV, 

(4) - 2.40 V. 

Table 1. Effect of pH on half-wave potentials and wave 
heights of alkali-metal ions: O.lM Me,NBr(HCl), 
E,=-1.0V,T,=1.111sec,?“z=117.6msec,T,=2.3msec 

E 1,2, Wave-height, 
Salt PH V vs. SCE PA 

4.26 x 1O-4 5.6 -2.33 10.4 
LiCl 2.9 -2.33 10.1 

1.8 -2.39 10.7 
4.02 x lo-’ 5.6 -2.10 10.6 

NaCl 2.9 -2.11 10.6 
2.4 -2.13 10.5 
1.8 -2.17(-2.14*) 11.0 
0.8 - 

4.04 x lo-’ 5.6 -2.13 12.7 
KC1 2.9 -2.14 12.7 

1.8 -2.19 13.8 
4.11 x 1o-4 -2.13 13.9 

RbCl ::8 -2.13 14.0 
1.8 -2.19 14.8 

4.03 x 10-d 5.6 -2.10 13.7 
CsCl 2.9 -2.11 13.8 

1.8 -2.17 14.3 

*0.2M Me,NBr. 

beginning of the pulse. Therefore, the shorter the 
pulse duration, T2, the more negative the potential at 
which the reduction of the sodium ion occurs. Hence 
the shift of the half-wave potential with decrease of 
pulse duration may result from insufficient conduc- 
tivity of the solution, and the large reduction current 
of the hydrogen ions. Positive feed-back compen- 
sation is necessary to eliminate the iR-drop between 
the DME and the reference electrode.’ 

Effect of pH 

As can be seen in Fig. 5, the half-wave potential of 
sodium (for a fixed pulse duration) becomes more 
negative as the acidity is increased, but the wave 
shape does not change remarkably. Table 1 shows the 
wave heights and the half-wave potentials of alkali- 
metal ions at various pH values. The current values 
shown in Table 1 are corrected for the blank value. 
The wave heights of sodium at these pH values are 
almost constant, but the half-wave potential becomes 
more negative with decrease of pH. No sodium waves 
are observed at pH 0.8. The disappearance of the 
wave may result from insufficient output from the 
potentiostat and/or the uncompensated resistance in 
the cell. The half-wave potential of sodium changes 
by 0.07V in O.lM supporting electrolyte between 
pH 5.6 and pH 1.8, and by 0.04V in 0.2M 
tetramethylammonium bromide for the same pH 
range. The current vs. time curves for O.OlM hydro- 
chloric acid in 0.2M tetramethylammonium bromide 
and reduction during the pulse period had higher and 
narrower plateaus than the corresponding curves in 
Fig. 6. This indicates that the shifts of the half-wave 
potentials are due to insulhcient conductivity of the 
sample solutions. The half-wave potentials and the 
wave heights for the other alkali metals are also listed 
in Table 1. The half-wave potentials obtained by the 
present method for the alkali metals in neutral solu- 
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Fig. 8. Modified normal pulse polarograms of sodium 
nitrate: O.lM Me,NBr, 4.07 x 10m4M NaNO,. E, = 
- 1 .OO V. T, = 1 .l 11 set, 7?, = 524 msec, TX = 2.3 msec. HCl: 

(1) absent, (2) O.OlM. 
Fig. 7. Three kinds of pulse polarogram for sodium chloride 
in hydrochloric acid: O.lM Me,NBr, O.OlM HCl, 
4.02 x lo-‘M NaCl. T, = 1.111 set, T, = 117.6 msec, 
T,=2.3msec. E,: (1) -l.OOV, (2) -2.4OV, (3) -l.OOV. 

(1) NPP, (2) BPP, (3) present method. Effect of anions 

tions were in fair agreement with those for D.C. 
polarography. 

Figure 7 shows three kinds of pulse polarograms of 
a 4.02 x 10w4M sodium chloride/O.OlM hydrochloric 
acid/O. 1 M tetramethylammonium bromide solution. 
Only a hydrogen wave was observed in the normal 
pulse polarogram (1). In the reverse pulse polarogram 
(2), the current in the potential region more positive 
than - 1.5 V was proportional to the concentration 
of sodium chloride, but the limiting current was not 
reproducible. The fluctuation of the limiting current 
resulted because adhesion of hydrogen bubbles on the 
DME caused irregular dislodgement of the mercury 
drops. A well-defined polarogram (3) was obtained 
by the present method, and the limiting current was 
reproducible. In the present method, the short period 
of reduction of hydrogen ions served to dislodge the 
mercury drops regularly. Therefore, the polarograms 
for the five alkali-metal ions in O.OlM hydrochloric 
acid medium were well defined. 

Calibration curve 

The height of the anodic wave resulting from the 
dissolution of sodium was proportional to the con- 
centration of sodium chloride, even in O.OlM hydro- 
chloric acid medium. The calibration curve for 
sodium ion, obtained under the same conditions as 
those for curve 3 in Fig. 7 has good linearity at the 
10e4M level but does not pass through the origin, 
because of impurities in the tetramethylammonium 
bromide. The concentration of these impurities in 
O.lM tetramethylammonium bromide was 6.3 x 
10v5M calculated on the assumption that sodium was 
the only alkali-metal impurity. The relative standard 
deviation of the wave height for 4.02 x 10e4M so- 
dium chloride in O.OlM hydrochloric acid was 1.0% 
(six replicates). 

- I=0 

I 
IO pn A I 2 

2 

Figure 8 shows the polarograms of 4.07 x 10m4M 
sodium nitrate in 0.1 M tetramethylammonium bro- 
mide. The polarogram of sodium nitrate in neutral 
solution was the same as that of sodium chloride. In 
acid solution, however, the polarographic wave of 
sodium nitrate not only shifted toward more negative 
potential but also had a sloping limiting current 
plateau. Though the reason for this is not clear, the 
presence of nitrate will cause a positive error in the 
determination of alkali metal ions in acid solutions. 

The polarogram of sodium chloride in 5 x 10m3M 
sulphuric acid was identical with that in O.OlM 
hydrochloric acid. With appropriate selection of E, in 
the present method, in a similar manner as in reverse 
pulse amperometry,’ there is no faradaic contribution 
to the analytical signal from either the dissolution of 
mercury or the reduction of dissolved oxygen in 
0.05M tetramethylammonium sulphate. Therefore 
the present method should be useful for the mon- 
itoring of alkali-metal ions in acid streams containing 
dissolved oxygen. 
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Surnn~ary-A method is described for the spectrophotometric determination of manganese in foodstuffs 
by means of its complex with I-(2-quinolylazo)-2,4,5-trihydroxybenxene, formed in alkaline medium. The 
molar absorptivity of the complex is 4.6 x lo4 l.mole-‘.cn-‘. 

Most widely used methods for the determination of 
manganese are based on the oxidation of man- 
ganese(I1) to manganese(VII),‘” but because of the 
low sensitivity these methods are not considered 
useful for trace analysis. Among other reagents for 
manganese, the heterocyclic azo-dyes PANU and 
PAR&lo give high sensitivity but nickel interferes 
when PAN is used, and iron, cobalt and nickel 
interfere in determinations with PAR. Moreover, in 
both cases the manganese is determined by difference, 
by destruction of the manganese complex. In the 
work presented here, we have tried to overcome these 
difficulties by using a newly synthesized heterocyclic 
azo-dye, I-(2-quinolylazo)-2,4,5-trihydroxybenzene 

(QATf-9. 

Reagents 
EXPERIMENTAL 

Synthesis of QATB. Stoichiometric amounts of 
2-hydrazinoquinoline” (1.59 g, 0.01 mole, dissolved in the 
minimum amount of dilute hydrochloric acid) and 
2,5-dihydroxy-1,4-benzoquinone” (1.4 g, 0.01 mole, in eth- 
anol) were refluxed together for 30 min. The solution was 
cooled and made ammoniacal. Excess of ammonia was 
boiled off and the solution was allowed to stand overnight. 
The dark red precipitate obtained was recrystallized from 
ethanol and dried over phosphorus pentoxide. The purity of 
the compound was checked by thin-layer chromatography 
and elemental analysis (found: C 64.2x, H 3.8x, N 15.1%; 
C,,H,,N,O, requires C 64.05%; H 3.91%; N 14.95%). A 
0.002M reagent solution was prepared by dissolving 0.562 
g in 1 litre of ethanol. Reagent solutions were discarded 
when a week old. 

Munganese(ll) solution. Stock O.OlM manganese(U) solu- 
tion prepared by dissolving an appropriate amount of 

6” 
I-(2-Quinolyla.zo)-2,4,5-trihydroxybenxene (QATB) 

analytical grade manganese(H) chloride tetrahydrate in 
water, standardized complexometrically with EDTA,‘) and 
further diluted as required for working standards. 

Ascorbic acid solution. A fresh 1% solution prepared and 
kept in an amber-coloured bottle. 

Potassium cyanide solution, 1%. 

Determination of mangonese(IZ) 
To a suitable portion of sample (between 1 and 3 ml) 

containing 1-14 pg of manganese(H) add 0.5 ml of 1% 
ascorbic acid solution and 1 ml of 0.002M QATB. Add 2.0 
ml of lit4 sodium hydroxide solution and dilute to volume 
in a lo-ml standard flask with ethanol, to give a final 
50% v/v ethanol concentration. Measure the absorbance at 
560 nm against a reagent blank prepared under identical 
conditions. 

RESULTS AND DISCUSSION 

EfSect of reductant 

Addition of an ethanolic solution of QATB to a 
very dilute solution of manganese(II), in a medium 
containing not less than 40% v/v ethanol (otherwise 
a precipitate was obtained), resulted in a dark red 
solution in alkaline medium, but erratic results were 
obtained and the colour intensity of the complex 
decreased on standing. This effect could have been 
caused by partial aerial oxidation of the man- 
ganese(H) to manganese(II1) in alkaline medium.‘4*‘5 
Oelschllger” and Star+” proposed that this effect 
could be prevented by addition of a reducing agent, 
viz. hydroxylamine hydrochloride. We tried various 
reducing agents (hydroxylamine hydrochloride, as- 
corbic acid, hydrazine hydrate etc.) and observed that 
addition of 0.2-1.0 ml of 1% ascorbic acid solution 
yielded consistent and reproducible results. 

Spectral characteristics, and eflect of pH, etc. 

A series of 50% v/v ethanol solutions containing 
manganese(I1) (2 x lo-‘ikf), ascorbic acid (0.1%) and 
QATB (2 x 10m4M) at different pH values was pre- 
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Ior 

- Wavelength (nm) 

Fig. 1 

pared. The spectra were recorded, with a reagent 
blank as reference. At pH above 9.0 the complex had 
maximum absorbance at 560 nm (Fig. 1). The com- 
plex had maximum absorbance at high alkalinity, 
and investigation of the effect of sodium hydroxide 
concentration showed that constant and maximum 
absorbance was exhibited in O.l-0.3M sodium hy- 
droxide medium (Fig. 2). 

Absorbance data for a series of solutions 
[2 x 10e5M manganese(H), 0.1% ascorbic acid, 0.2M 
sodium hydroxide, 50% v/v ethanol, and varying 
amounts of reagent] showed that at least an 8: 1 
molar ratio of QATB to Mn(I1) is required to ensure 
full complexation. 

Beer’s law is obeyed up to 1.7 p g/ml manganese in 
the solution measured, and the optimum concen- 
tration range for accurate determination (as deter- 
mined by a Ringbom plot) is 0.1-1.4 pg/ml. The 
composition of the complex is shown by Job’s 
method to be 1:3 (metal:ligand). 

The molar absorptivity is 4.6 x lo4 1. mole-‘. cm-‘. 
Table 1 gives a comparison of the sensitivities of 
various reagents for the determination of man- 
ganese(I1). The mean absorbance found for 10-5M 
manganese(I1) was 0.460 (1 -cm cell, 8 replicates) with 
a standard deviation of 0.005. 

Effect of diverse ions 

In the determination of manganese(I1) at the 

IO 

,.-0-.-*-q 

06 9’ l \ 

06 .l 
t 

04 
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Fig. 2 

1 .l-pg/ml level in the final solution, sulphate, sul- 
phite, citrate, tartrate, borate, phosphate, alkaline- 
earth metal ions, lanthanides, aluminium(III), ind- 
ium(III), antimony(III), bismuth(III), chromium(III), 
platinum metal species [except palladium(II)], and 
thorium(IV) did not interfere at all. Certain metal 
ions were precipitated at the pH used, and the 
precipitates were removed by centrifugation; these 
ions did not cause interference, and examination of 
the precipitates for manganese revealed no loss by 
co-precipitation. For other ions, the tolerance limits 
defined as the concentration @g/ml in the final 
solution) causing a deviation of less than f 2% in the 
absorbance, were: bromide, thiocyanate, cyanide, 
EDTA, 400; sulphide 200; fluoride, iodide 100; ox- 
alate 60; thiosulphate 50; molybdenum(VI), tung- 
sten(W) 40; uranium(VI), vanadium(V), cad- 
mium(II), mercury(I1) 2O.Zinc(II) 2, iron(II1) 20, and 
iron( cobalt(II), nickel(II), copper( pal- 
ladium(I1) 10, were masked by 1% potassium cyanide 
solution, and zinc(I1) 10, was masked by 200 ppm 
EDTA solution. Potassium cyanide also inhibits the 
colour formed by lead(I1) with QATB. 

APPLICATIONS 

In recent years considerable attention has been 
paid to the role of trace elements in human health and 

Table 1. Comparison of sensitivities of various spectrophotometric reagents for 
manganese(R) 

Molar 
absorptivity (1, nm) 

Reagent or reaction I.mole-‘.cm-’ Reference 

Oxidation to permanganate 2 x lo3 (522) 19 
Thenoyltrifluoracetone 3.0 x 10’ (440) 20 

2.5 x 103 (450) 
GAminoquinoline 1.8 x lo3 (550) 21 
8-Hydroxyquinaldine 1.1 x lO’(580) 22 
Formaldoxime 1.12 x 104(455) 19 



Mn in foodstuffs 

Table 2. Results for determination of manganese(U) in foodstuffs 

111 

Food 

Average 
Sample Aliquot Mn(I1) Total Mn(I1) Range of Mn(I1) 

No. of ashed, taken, Mn(I1) found, added, recovered, recovery, content, 
sample analyses 

Tea leaves 6 
8 ml pg pg pg % pglg 

2.0 0.5 3.24, 2.94, 3.08, 2.2 5.36, 5.20, 97.0-102.0 81 

Coffee 
powder 

6 2.0 

Wheat flour 6 5.0 

Gram 

Rice 

Potato chips 

Cabbage 

Apple 

Banana 

Tomato 

5.0 

5.0 

5.0 

5.0 

10.0 

5.0 

5.0 

3.40, 3.38, 3.45 5.19, 5.53, 
5.62, 5.67 

0.5 1.54, 1.76, 1.54, 2.2 3.80, 4.00, 
2.04, 1.92, 1.56 3.78, 4.17, 

4.08, 3.82 
1.0 1.34, 1.46, 1.38, 2.2 3.50, 3.62, 

1.42, 1.46, 1.44 3.60, 3.68, 
3.72, 3.70 

1.0 2.70, 2.58, 2.62, 2.2 4.85, 4.75, 
2.53 4.80, 4.79 

1.0 1.27, 1.34, 1.30, 5.5 6.83, 6.85, 
1.22 6.75, 6.10 

1.0 1.28, 1.16, 1.14, 5.5 6.74, 6.63, 
1.14 6.70, 6.64 

1.0 2.63, 2.52, 2.43, 2.2 4.82, 4.76, 
2.57 4.68, 4.80 

1.0 1.15, 1.35, 1.20 5.5 6.68, 6.80, 
1.10 6.65, 6.53 

1.0 1.20, 1.35, 1.12 5.5 6.72, 6.85, 
1.20 6.66, 6.69 

1.0 2.10, 1.85, 1.82, 2.2 4.26, 4.12, 
1.95 4.08, 4.12 

96.6103.9 43 

97.0-104.2 7.1 

98.1-102.4 13.0 

96.2-104.7 6.4 

96.9-105.2 5.9 

99.6-102.0 12.8 

95.8-103.0 2.9 

99.2-103.6 6.1 

98.1-103.8 9.7 

disease. public health problems have been correlated 
with trace element imbalances’* in the human system 
and thus analysis of foodstuffs is of great importance. 
We have analysed some foodstuffs for trace amounts 
of manganese by use of QATB, and the results are 
given in Table 2. 

Analysis of tea leaves and coffee powder 

Dry-ash 2 g of material at 450” and digest the ash 
with 2 ml of a 3: 1 v/v mixture of nitric and perchloric 
acids. Heat gently almost to dryness, repeat again 
with 2 ml of acid mixture and dilute to volume in a 
25-ml standard flask with water. Set aside overnight 
and then filter, add to a suitable aliquot (up to 1.0 ml 
of solution) 0.5 ml of 1% ascorbic acid solution and 
0.5 ml of 1% potassium cyanide solution. Add 1.0 ml 
of 0.002M QATB and 2-3 ml of IM sodium hydrox- 
ide, and finally dilute to lOm1 (standard flask) with 
water and ethanol to give a final 50% v/v ethanol 
concentration. Measure the absorbance at 560 nm 

against a reagent blank. 

Analysis of fooa!stuffs 

Add to the sample a 5% ethanolic solution of 
magnesium acetate tetrahydrate, evaporate to dry- 
ness and then heat at -900” until the ash is white. 
Cool and add N 5 ml of a 1: 1 mixture of nitric and 
perchloric acids. Heat gently almost to dryness, add 
34 ml of water, filter, and wash the residue 3 or 4 
times with hot water. Combine the filtrate and wash- 
ings and make up to volume in a 25-ml standard 
flask. Determine the manganese content as already 
described. 

Results obtained for the determination of man- 

ganese in various foodstuffs are summarized in 
Table 2. 

The recovery was tested by adding a known 
amount of manganese to the sample solutions and 
applying the recommended procedure, and found to 
be between 94 and 105% in all cases. 

AcknowZedgemenrs-One of the authors (Mrs. P) is thankful 
to the Council of Scientific and Industrial Research, New 
Delhi, India for financial assistance. 

REFERENCES 

1. Z. Marczenko, Spectrophotometric Determination of 
Elements, Horwood, Chichester. 1976. 

2. E. B. Sandell, Calorimetric Determination of Traces of 
Metals, 3rd Ed., Interscience, New York, 1959. 

3. F. D. Snell, Photometric and Fluorometric Methodr of 
Analysis, Metals, Part I, Wiley, New York, 1978. 

4. S. Shibata, Y. Niimi and T. Matsumae, Nagoya Kogyo 
Giiutsu Shtkensho Hokoku, 1962. 11, 275. 

5. E.-M. Donaldson and W. R. Inman,’ Talanta, 1966, 13, 
489. 

6. S. Shibata in H. A. Flashchka and A. J. Barnard, Jr. 
(eds.), Chelates in Analytical Chemistry, Vol. 4, Dekker, 
New York, 1972. 

7. S. Ahrland and R. G. Herman, Anal. Chem., 1975,47, 
2422. 

8. S. G. Nagarkar and M. C. Eshwar, Chem. Era, 1975, 
11, 1. 

9. W. Berger and H. Elvers, Z. Anal. Chem., 1959, 171, 
185. 

10. S. Shibata, Anal. Chim. Acta, 1960, 23, 367; 1961, 25, 
348. 

11. W. H. Perkin and R. Robinson, J. Chem. SOL, 1913, 
103, 1078. 

12. R. G. Jones and H. A. Shonle, J. Am. Chem. Sot., 1945, 
67, 1034. 

TAL 31/2--s 



112 ISHWAR SINGH and MRS. POONAM 

13. A. I. Vogel, A Text Book of Quantitative Inorganic 20. 
Analysis, 3rd Ed., p. 434. Longmans, London, 1973. 21. 

14. W. G. Scribner, Anal. Chem., 1960, 32, 966. 
15. N. Tanaka, Y. Kikuchi and Y. Sato, Talanta, 1964,11, 22. 

221. 
16. W. Oelschlager, 2. Anal. Chem., 1955, 146, 339. 23. 
17. J. Stary, Anal. Chim. Acta, 1963, 28, 132. 
18. E. J. Underwood, Trace Elements in Human and Animal 24. 

Nutrition, 3rd Ed., p. 178. Academic Press, New York, 
1971. 25. 

19. E. B. Sandell and H. Onishi, Photometric Determination 
of Traces of Metals, General Aspects, 4th Ed., Part I, pp. 
246, 385. Wiley, New York, 1978. 

H. Onishi and Y. Toita, Talanta, 1964, 11, 1357. 
V. K. Gustin and T. R. Sweet, Anal. Chem., 1964, 36, 
1674. 
K. Motojima, H. Hashitani and T. Imahashi, ibid., 
1962, 34, 571. 
G. Nakagawa and H. Wada, Nippon Kagaku Zasshi, 
1962, 83, 1098. 
I. M: Klotz and W. C. Loh Ming, J. Am. Chem. Sot., 
1953, 75, 4159. 
L. C. Thomas and G. J. Chamberlin, Calorimetric 
Chemical Analytical Methodr, 9th Ed., Tintometer, 
Salisbury, 1980. 



Talanra, Vol. 31, No. 2, PP. 113-116, 1984 
Printed in Great Britain. All tights reserved 

0039-9140/84 $3.00 + 0.00 
Copyright 0 1984 Pergamon Press Ltd 
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Summary-Simultaneous protolysis equilibria (BH + H,O E$ B- + H90+ ; CH + H,O g C- + H,O+ 
can be spectrophotometrically analysed easily by means of absorbance diagrams. The dissociation 
constants K, and K2 can he determined directly from distinct points on the absorbance diagram by 
correlation with a photometric titration plot of absorbance vs. pH. Furthermore, from the absorbance 
diagram the ratio K,/K, can be evaluated from the ratio of corresponding sides, and pH-measurement 
is not necessary. The titration systems of a mixture of 2-nitroso-1-naphthol-4-sulphonic acid with 
p-nitrophenol, and a mixture of p-nitrophenol with o-nitrophenol have been analysed by these methods, 
and are described as examples. 

Two basic questions of this and earlier works’-5 are where h is the hydrogen-ion activity (h = 
(1) what information can be obtained in titration a&o+ = 10mpH), and [b], [bh], [c] and [ch] are the 
systems from spectrophotometric data alone, and (2) molar concentrations of B, BH, C and CH re- 
how can this information be correlated with the pH spectively. From this and the additional stoichiomet- 
data, to determine equilibrium constants? tic conditions 

As shown below, the quotient of the dissociation 
constants for two protolysis systems in the same 
solution can be evaluated from spectrophotometric 
data alone, by means of absorbance diagrams. Thus 
an unknown dissociation constant can be obtained 
from that of a standard substance without any pH 
measurements. This is useful for systems in which pH 
measurement presents problems, for example in or- 
ganic or strongly acidic solutions.6 

b0 = [b] + [bh]; c,, = [c] + [ch] (3) 

(where b, and c, are the total molar concentrations of 
the protolytes) and the definition 

K2 
K=- 

K, 

Furthermore, the dissociation constants themselves 
can be easily evaluated by means of tangents and 
lines in the absorbance diagram, in combination with 
a plot of absorbance vs. pH. Two systems, consisting 
of 2-nitroso-1-naphthol4sulphonic acid/p-nitro- 
phenol and p-nitrophenol/o-nitrophenol, are used 
here to illustrate the use of the methods. 

The equations required for the analysis can be 
derived simply by use of a concentration diagram, 
which can be transformed into the absorbance dia- 
gram by linear transformation. 

For the pair of protolysis equilibria 

BH+H,O$B-+H,O+ 

CH+HrO$C-+H90+ (1) 

taking place in the same solution, the mixed dis- 
sociation constants are defined as’,2 

we obtain the equations 

and 

PI= /-$; [cl=&+ (5) 

bl = 
bo [cl 

COK + [cl(l - Ic) 
(6) 

A plot of [b] vs. [c] (as functions of pH) is a conic 
section (hyperbola) which is dependent on K (pro- 
vided K # 1). Figure 1 presents the curves for 
K = 0.316 and K = 3.16. The curves pass through the 
points B, (0,O) and B3 c,,). The side B, B, is an axis 
of symmetry for the ves K and l/lc. 

The distinction IC > 1 and K < 1 is arbitrary. It 
depends on which protolysis system [BH z$ B- (H + ) 
or CH z$ C(H+ )] is the stronger [see equation (l)]. 
For reasons of graphical representation both cases 
are shown in Fig. 1. ,=h[bl and ,=h[cl 

’ [bhl 2 khl 
(2) 

*This paper is dedicated to Professor H. Mauser for his 65th 
birthday. 

The tangent vectors to the curves at these two 
points are BIB2 and BjB2 or alternatively B,B; and 
B,B;. At the origin B, (O,O), all of B is in the form BH 
and all of C in the form CH. The two points (0,O) and 
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Thus p$ and pK, can be determined directly from 
the pH values corresponding to T, and T,, or P, and 

1.0 P,, but only in the case of equations (7) is it possible 
to assign the dissociation constants to the individual 

0.8 
equilibria. Thus in Fig. 1 T, lies nearer to B, than T, 
does. Therefore the pK value of CH $ C (H+) is 
smaller than that of BH e B-(H+). 

l 
0.6 The ratio of corresponding sides can be referred to 

0 
2 

rc. For example (see Fig. 1): 
* 

04 B,S; B,S; 1 -=-=_ 
B,S; B,S; 1+lc 

(10) 

and 
0.2 

(11) 

0 0.4 0.8 1.2 16 

c (.104) values (A,) obtained at pH values. If tl,aH 

1. Concentration of b vs. c for the BH 
designates of at wave- 

etc., the absorbance is given by the 
_ C- (H+ ). The triangles (O,O), (b,,O), Lambert-Beer law: 

(b,,c,) and (O,O), (O,c,), (b,,c,) and their interior represent 
uhvsicallv admissible points of the system. Outside these 
areas at ieast one of the concentrations is negative. P, , Pz, 

4, = +dbhl + +Jbl + ~&4 + G&I (12) 

T, and T, are distinct points of the conic section. The (for unit path-length). 
distinction K > 1 and K < 1 is arbitrary; for reasons of This equation is assumed to be valid for all wave- 
graphical representation the triangles B,B,B, and B, B;B, 

are both constructed. 
lengths. Thus the two independent variables, [b] and 
[cl, can be transformed into the absorbances (A,, , 
Al,) by a linear transformation including translation. 
A plot of A,, vs. Al, is called the absorbance (A) 

(b,, cs) simply represent limiting conditions of the diagram’. The equations (7)-(11) are also represented 
pH: in the A diagram. The triangle B, B,B3 (or alterna- 

very low pH: [b] = [c] = 0; [bh] = b, and [ch] = cs 
tively B, B;B,) in Fig. 1 leads to the linearly distorted 

very high pH: [b] = b,,, [c] = co; [bh] = [ch] = 0 
triangle B, B2 B3 in the A diagram. 

The points shown in Fig. 1 have the following EXPERIMENTAL 

properties (P, , P2, T, and T, are points of the conic Reagents 

section): p-Nitrophenol (Merck and Fluka), o-nitrophenol 

(a) H, and H, are the mid-points of sides B, B; and 
(Merck, recrystallized from water’), 2-nitroso-l-naphthol- 
Csulphonic acid (Fluka), potassium chloride (Merck), 

B;B3 (or alternatively BIB2 and BzBs); sodium hydroxide and hydrochloric acid standard solutions 

(6) the vectors B,P, and B, P, have the same direction (“Titrisol”, “Fixanal” ampoules), standard buffer solutions 

as B3H, and B,H2; 
(Riedel-de Haen and Merck). 

(c) the vectors B2T, and &T2 lie parallel to the axes; Procedure 

(d) S, and S, are the points of intersection of sides The system oNP/pNP was investigated as described 

B,B3 and B, T, or alternatively B, B, and B,T, [anal- earlier,’ with the same apparatus. The system 

ogously S; for B, B, and B, T, (not shown) and S; for 
2-nitroso-1-naphthol-4-sulphonic acid/pNP was studied 

B,B2 and B3T, (not shown)]. 
spectrophotometrically with a Perkin-Elmer model 555 
spectrophotometer. The pH measurements were made (un- 

The values pK,, pK, and IC can be calculated easily 
der nitrogen) with a Beckman model 3560 digital pH-meter. 

from particular points of the curve. The pH values 
The titrations were performed with a Radiometer ABU 12 
auto burette (maximal titration volume 2.5 ml). 

corresponding to T, and T, give directly the two pK 
values: 8 

RESULTS AND DISCUSSION 

PW, ) = PK, ; PH(T,) = PK, (7) 

For the pH values corresponding to P, and P, the 
Determination of pK, and pK, 

following equations apply: In Fig. 2 the spectra of 2-nitroso- l- 

PWP, ) = PK,; PWP,) = PK,, (8) 
naphthokl-sulphonic acid and p-nitrophenol at vari- 
ous acidities are shown. For construction of the A 

where diagram the absorbances measured at two wave- 

K, Kz 
lengths (for the same set of pH values) are plotted 

K,=K,+K2; K,,=- (9) against each other. The most suitable wavelengths are 
K, + K, 1 _ those where large absorbance differences occur. The 
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Fig. 2. Titration spectra of 2-nitroso-l-naphthol+sulphonic acid andp-nitrophenol (with 0.05M KC1 as 
background electrolyte, at 25.0”). The numbers given designate the pH values. 

measured points lie on a curve (see Fig. 3). A pH 
value can be assigned to each point, from a plot of 
A, vs. pH. 

In Fig. 3 the points B, and B, are obtained at low 
(< 3) and high (> 10) pH values. The tangents con- 
structed at these points intersect at BZ. For the 
determination of pK values the bisecting lines B,H, 
and B, H, are constructed. They intersect the curve at 
P, and P, , for which the pH values are pK, and pK,, . 
Finally, by use of equations (9) the pK values are 
obtained: pK, = 6.23 and pK, = 7.15. 

Without additional information, however, it is not 
possible to assign the pK values to the individual 
substances. 

The pK values can also be evaluated by using 
equation (7). In Fig. 3 the sides BHB- and CHC- 
indicate the lines for the separately measured proto- 
lysis equilibria of 2-nitroso-1-naphthol-4-sulphonic 
acid (pK,) and p-nitrophenol (PK,). Their parallels 
through Br intersect the conic section at T2 and T, . 
The pH values corresponding to T2 and T, lead to the 
pK values: pK, = 6.30 and pK, = 7.20. 

Spectrophotometric analysis3 of the two equilibria 
separately gives the values pK, = 6.34 and pK, = 7.18 
(O.OSM potassium chloride medium; temperature 
25”). 

Determination of K 

The ratio of the dissociation constants can easily be 
determined by means of A diagrams. All the com- 
ponents may absorb, and no pH measurement is 
necessary. However, the determination of K is critical 
for K N 1, and the method fails at K = 1. As a critical 
test, thep-nitrophenol/o-nitrophenol system is exam- 
ined here, because the two pK values are similar.’ 

Figure 4 shows the diagram for A,,, vs. AUs, in 
which the curve is only slight. The titration points for 
the separately measured p-nitrophenol system lie on 
the straight line BHB-. The parallel through B, 
intersects the conic section at T,. By analogy T, can 

be constructed from the data for the separately 
measured o-nitrophenol system (only BrT, is shown 
in Fig. 4). Because T2 lies nearer to B, than does T, 
the pK value of p-nitrophenol is smaller than that of 
o-nitrophenol. 

By use of T, the lines B, Tr and B,T2 can be 
constructed. Their intersections with the tangents 
BrB, and B, B, then give S; and Sr. Evaluation by 
means of equations (10) and (11) leads to the value 
1.26 for K. Because p-nitrophenol (pNP) is more 
acidic than o-nitrophenol (oNP), the final result is 

0.8 

0.6 

s q 
0.4 

0 

L I I 1 

02 04 06 0.6 

A 360 

Fig. 3. Absorbance diagram A,, us. A,,, obtained from Fig. 
2. For the of B, the tangents at B, and 
B, were determined by means of the polynomial 
A, =a, +a,AI +a,A$ The a,, a, and al were 
obtained by regression analysis from seven.measured 

2-nitroso-1-naphthoM-s&phonic acid and b-nitrophenol 
lie on the sides BHB- and CHC-. The parallels to these 
lines through B, lead to T, and T, . Because T2 lies nearer 
to B, than does T,, 2-nitroso-1-naphthol4sulphonic acid is 

the stronger acid. 
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OH OH 

lb1 

Fig. 4. (a) Absorbance diagram A,,, vs. Azz5 for pNP and oNP (at 25.0”). For the construction of B, the 
tangents at B, and B, were determined by means of the polynominal A, = ~1, + a,A, + a,Ai. The 
coefficients a,, a, and a, were obtained by regression analysis from nine measured points. The titration 
points of the separately measured pNP system he on the straight tine BHB-. Its parallel through B, leads 
to T,. By analogy the separately measured system oNP leads to T, . pNP is more acidic than oNP because 
T, lies nearer to B, than does T, (i.e., &Np/KONp > 1). (b) An enlargement ( x 2) of the central part 

of (a). 

K = K,NPI&N, - N 1.26. The mean value found earlier’ Acknowledgements-The author is indebted to Mrs. Heuser 
for K was 1.25. and Mrs. Konstanczak for technical assistance. 

Conclusions 

These model systems demonstrate that the values 
pK,, pK, and K for two protolysis equilibria in the 
same solution can be determined simply and exactly 
by the method described. More complicated systems 
may also be studied. Thus similar problems in biolog- 
ical systems, for example distinct dissociable groups 
(tyrosine) in a macromolecule (protein), can be stud- 
ied spectrophotometrically. Nor is the method limited 
to spectrophotometric data. Any physical mea- 
surements, e.g., NMR, circular dichroism, may be 
evaluated if the measured signal is linearly dependent 
on the concentrations of the components. 
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Summary-A programmable positioning stepper-motor controller, based on the Multibus/IEEE 796 
standard interface, has been assembled by use of some intelligent and programmable integrated circuits. 
This controller, organized as a bus-slave unit, has been planned for local management of up to four stepper 
motors working simultaneously. The number of steps, the direction of rotation and the step-rate for the 
positioning of each motor are issued by the bus master microcomputer to the controller which handles 
all the required operations. Once each positioning has been performed, the controller informs the master 
by generating a proper bus-vectored interrupt. Displacements in up to 64,000 steps may be programmed 
with step-rates ranging from 0.1 to 6550 steps/set. This device, for which only low-cost, high-performance 
components are required, can be successfully used in a wide range of applications and can be easily 
extended to control more than four stepper motors. 

The increasing use of microprocessors in instrumen- 
tation control has given rise to a more efficient 
exploitation of stepper motors whenever precise and 
accurate mechanical positioning of instrumental 
parts is required. 

Drive circuits for stepper motors can be easily 
implemented, in particular with specific integrated 
circuits.‘,’ Their control by microcomputer is usually 
accomplished by direct management of two signals, 
one to select the direction of rotation and the other 
to make the motor advance one step for each pulse 
,generated.3 

This kind of approach has two main limitations: 
(1) degradation of the potentiality of the micro- 
computer, which has to spend time in performing 
trivial operations such as counting the steps and 
handling the time interval between them; (2) 
difficulties may arise in real-time control of the 
motors when several are required to work simulta- 
neously. 

These limitations can be overcome by using an 
intelligent device able to perform locally all the 
operations for stepper-motor positioning according 
to microcomputer instructions. Some devices of this 
kind are available on the market,4 but they may result 
in redundance and be relatively expensive in some 
applications. This paper describes a programmable 
device, implemented with low-cost components, 
which handles the displacements and velocities of 
four stepper motors. Moreover the device is imple- 
mented as a general-purpose Multibus-compatible 
unit, that can be connected to any microcomputer 
system based on the Multibus, which is a widely used 
IEEE standard interface. 

The Multibus is a communications device for 

microcomputer systems. It connects the printed cir- 
cuit boards of the system over several parallel lines by 
using a defined mechanical structure as support. It 
was originally developed by Intel and then became an 
IEEE standard (IEEE-796). It supports two indepen- 
dent address spaces: one for the memory, using 20-bit 
addressing; the other for input/output devices, using 
16-bit addressing; the data transfer is bidirectional 
and asynchronous, with 8- or 16-bit data-word size. 
In addition eight multilevel interrupt lines are avail- 
able. The units working with the Multibus are either 
masters or slaves; the master unit can control the bus, 
whereas the slave unit cannot control the bus but, 
upon decoding its own address, acts on the command 
signals from the bus master.5,6 

EXPERIMENTAL 

Stepping-motor controller architecture 

Figure 1 shows the block diagram of the stepping-motor 
controller, which is a slave Multibus unit based on some 
very sophisticated and intelligent programmable support 
integrated circuits. These consist of three programmable 
interval-timers 8253 (PIT), one programmable peripheral 
interface 8255 (PPI) and one programmable interrupt- 
controller 8259 (PIG). These integrated circuits are con- 
nected to the Multibus with their address decoder and 
proper bidirectional bus drivers.‘-i0 

The 8253 PIT consists of three independent 16-bit pre- 
settable down-counters working in six different modes; the 
mode and the counting number for each counter are 
software-programmable. Two counters are used for each 
steuning motor, one (P;) for the step-rate control, the other 
(Q,)fo; the step-number control. _ 

The 8255 PPI manages three S-line arotms (A. B and C) 
I . .I 

each of which may be software-programmed as an input or 
output port. This integrated circuit is used for the manage- 
ment of the control lines in the system, such as the direction 
selection for each stepping motor. 
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Fig. 1. Controller block diagram. 

The 8259 PIC is a device for management of the interrupt 
logic in microcomputer systems. It handles eight levels of 
interrupt with priority resolution and addresses the specific 
service routines according to its programmed working 
mode. The 8259 PIC is used to inform the master when one 
(or more) stepping-motors have ended an operation, so as 
to allow synchronization between software and mechanical 
operations. 

Functional description 

Figure 2 shows a schematic diagram for control of one 
stepping motor (i). One counter (Pi) of a PIT is programmed 
as a square-wave generator; it receives a clock signal at the 
input, with period to = 152 psec (internal clock) and gives a 
square wave at the output, with period T = NI,, where N is 
a 16-bit binary integer number software-loaded on the 
counter. [The internal clock is obtained by dividing by 1408 
the output from the 9.22-MHz constant-clock of the Multi- 
bus; for this purpose a PIT counter (R) is used]. Another 
counter (Qi) is programmed as a one-shot generator, re- 
ceiving the square wave (T = Nt,) at the input. A one-shot 
pulse, with duration D = MT, is generated at the output of 
Qi every time a rising edge is sent to the counter trigger; M 
is a 16-bit binary integer number software-loaded on the 
counter. 

The outputs of each counter are connected to the inputs 
of an OR gate, the output of which is a burst of M pulses 
with a period Nt,, as shown in the timing diagram of Fig. 
2. This burst of pulses is sent to the step-line of the drive 

circuit of the motor, so that it performs M steps at a rate 
of l/Nt, steps/set. M can range from 1 to 65,535, and l/Nr, 
from 0.1 to 6550steps/sec, since M and N are both 16-bit 
integer binary numbers, and TO = 152 psec. 

The 8255 PPI is programmed to work with its ports A and 
C as latched output and port B as input. Its output lines 
manage (for each motor): 

(a) the “cw/ccw” control of the motor drive, to select the 
rotation direction: cwjccw = 0 for clockwise rotation; 
cwjccw = 1 for counterclockwise rotation; 

(b) the “trigger” of the counter Qi to enable the stepping 
motor to start the programmed operation at the rising edge; 

(c) the “off’ control of the motor drive; when this line is 
in the high logic level the motor current is set at zero, and 
the motor is left without holding-torque. 

The 8255 input lines are used to test, for each motor, the 
status of: 

(a) the “busy” line, i.e., the output of counter Qi; when 
the line is in the low logic level the motor is busy performing 
some operation; 

(b) the “zero” line which is connected to the motor limit 
switch to define the “zero” position for absolute positioning. 

The “busy” and “zero” lines of each motor are also 
connected to the inputs of the 8259 PIG. When the PIC is 
warned by these lines that one or more motors have 
performed a positioning or have reached their “zero” 
position, the PIC causes a vectored interrupt to be sent to 



Programmable stepper-motor controller 119 

INTERNAL 
CLOCK 

INTERRUP 
REOUES 

I 

I: 
: 
I 

COUNTER - 

f 
TRIGG , 

INPUT(M) oi - 

! 

l/3 PIT 

A 

CONTROL 

l/4 PPI 

STEPPER MOTOR, 

/ 
X LIMIT SWITCH _ 

- T = Nt, 

OUT P, _m- -m_ 

TRIGGER, I---------- 

OUT0,ISUii-l i-- 

STEPi 

Fig. 2. Motor (i) control schematic diagram. 

the master and gives it the restart address of the proper 
service routine locally resolving the interrupt priority. 

Programming of the controller 

Controller programming is accomplished by the master 
microcomputer through the input/output operations issued 
to the specific addresses assigned to the programmable 
chips: 8253 PIT, 8255 PPI and 8259 PIC. These addresses 
are reported in Table 1. 

Figures 3a and 3b show the flow-chart of output oper- 
ations for initialization of the programmable chips. These 
are programmed to work according to the function required 
in stepper-motor control. Initialization is necessary only 
after the powering up or reset of the system. The 8255 PPI 
is programmed first, then the three 8253 PITS and finally the 
8259 PIC of the controller. Since the 8259 PIC of the 
controller works interactively with the 8259 PIC of the 
master microcomputer the latter is concordantly pro- 
grammed. 

Figure 4 shows the flow-chart of the input/output ope.r- 
ations on the programmable chips to make motor (i) 
perform M steps at the rate of l/Nt, step&c. The ldbit 
digital numbers N and M are sent to counters P, and Qi 
respectively, after the “busy,” line has been tested with an 
input from port B. The direction of motor operation is 
selected by setting the proper control line “cw/ccw;’ and the 
start enabled by “trigger;‘, by means of two outputs to port 
C. Once the motor has been started the master is free to 
move on to another operation. The end of the motor 
operation is signalled by the local 8259 PIC. 

REMARKS 

The programmable controller described can be 
successfully used in automatic control of chemical 
instrumentation, whenever stepper motors are re- 
quired. The device was used at our laboratory in a 
computer-controlled spectrometer, combined with an 
inductively-coupled plasma source, designed for au- 

tomatic sequential determinations.“v’2 In the spec- 
trometer the controller handles: 

(a) two stepper motors for the wavelength index- 
ing in an echelle monochromator (where one motor 
controls the grating, the other the prism); 

(b) a stepper-motor controlled rotatable mirror 
for the selection of the proper observation zone 
within the plasma-plume; 

Table 1. Controller I/O address assignments 

Hexadecimal 
Device I/O address Function - 

PPI 
8255 

x ECE 
x EC8 
x ECA 
x ECC 

PIT 0 
8253 

x ED6 
x ED0 
x ED2 
x ED4 

PIT 1 
8253 

x EDE 
x ED8 
x EDA 
x EDC 

PIT 2 
8253 

x EE6 
x EEO 
x EE2 
x EE4 

PIG 
8259 

x EFO 
or 

x EF2 
x EF4 

or 
x EF6 

x = Insignificant. 

Control 
Port A 
Port B 
Port C 

Control 
Counter P, 
Counter Q. 
Counter P, 

Control 
Counter Q, 
Counter P, 
Counter Q2 

Control 
Counter P, 
Counter Q, 
Counter R 

Control 0 

Control 1 
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I 
Output the control word (82 Hex.) 

to the control address PPI 
I 

Output the control word (3E Hex.) for counter 
P_ to the control address of PIT 0 I 

Output the control word (72 Hex.) for counter 
Q, to the control address of PIT 0 

I 
Output the control word (BE Hex.) for counter 

P, to the control address of PIT 0 I 

I Output the control word (32 Hex.) for counter 
Q, to the control address of PIT 1 

I Output the control word (7E Hex.) for counter 
P, to the control address of PIT 1 

Output the control word (B2 Hex.) for counter 
Q, to the control address of PIT 1 

I 

Output the control word (3E Hex.) for counter 
P3 to the control address of PIT 2 

I 
Output the control word (72 Hex.) for counter 

Q, to the control address of PIT 2 

I 

I Output the control word (BE Hex.) for counter 
R to the control address of PIT 2 

Port A - Latched output 
Port B - Not latched input 
Port C - Latched output 

Counter PO - Square wave 

Counter Q, - One-shot 

Counter P, - Square wave 

Counter Q, - One-shot 

Counter P2 - Square wave 

Counter Q, - One-shot 

Counter P3 - Square wave 

Counter Q, - One-shot 

Counter R - Square wave 

Output 59 Hex. to the counter R address 

I 
Output 00 Hex. to the counter R address 

Counter R is programed to 
divide by 88 (0058 Hex.) 
for internal clock generation 

Fig. 3a. PPI and PITS initialization flow-chart. 

Output command word 1 (11 Hex.) to the 
control 0 address of the slave PIC 

Cascade mode 

Output command word 2 (80 Hex.) to the 
control 1 address of the slave PIC 

Output command word 3 (06 Hex.) to the 
control 1 address of the slave PIC 

Output command word 4 (09 Hex.) to the 
control 1 address of the slave PIG 

I 
I 

Buffered slave mode 

Output command word 1 (11 Hex.) to the 
control 0 address of the master PIC 

Cascade mode 

Output corrmand word 2 (08 Hex.) to the 
control 1 address of the master PIC 

Output command word 3 (40 Hex.) to the 
control 1 address of the master PIC 

Interrupt vector 
starting address 

control 1 address of the master PIC Buffered master mode 

Fig. 3b. Slave PIC and master PIC initialization flow-chart. 
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Triggeri line reset 

Input from the 
port B address 

Output Nt byte to the 
counter pi address 

Programmable stepper-motor controller 

Is motori busy? 

Pi generates a step 
rate l/NtO step/set 

NL=8 least significant bits of N 

N,,=8 most significant bits of N 
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MI,=8 most significant bits of M 

Select direction 

Enable the execution start 

Fig. 4. M steps programming flow chart. 
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Table 2. Intel 86-12A features 

1. Multibus-compatible 
2. Based on the ldbit ~-MHZ Intel 8086 microprocessor 
3.32 K RAM + 16 K PROM on board 
4. 1 serial I/O port EIA standard RS232-C with software- 

programmable baud rate 
5.3 parallel I/O ports of 8 lines each 
6.8 multilevel interrupt lines 

Table 3. Motor driver features 

1. For four-phase motors, unipolar mode 
2. Up to 500 mA/phase 
3.Opto-insulated and TTL-compatible inputs 
4. Clockwise/counterclockwise control 
5. Power down-function for de-energizing of all motor 

phases 

(c) a stepper-motor peristaltic pump for control of 
sample flow-rates in the plasma nebulizer. 

A Single Board Computer “Intel 86-12A”, based on 
Multibus (its primary features are reported in Table 
2) was used as bus master for the controller and the 
data-acquisition system. The aim was to implement 
the instrument control along with data acquisition, 
storage and reduction. 

The primary features of the drive circuit for the 
motors are reported in Table 3. 

In the controller, the software routines for the 
system management were implemented by use of 
Assembly 86 language, there being one for the con- 

troller initialization, one for automatic search of the 
motor limit switch, and another for the relative 
positioning. These programs require only a minimum 
amount of instructions, and can be written by any 
user, even with little programming experience, owing 
to the “friendly” programmability of the intelligent 
circuits used. Details, circuit diagrams and programs 
are available on request. 
Acknowledgements-This work was supported by C.N.R. 
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Summary-A new method for electrochemical titrations is proposed, based on the redox transformation 
of the test species by means of a controlled-potential pulsed current, followed by measurement of the 
potential in the intervals between the current pulses: the end-point is found by means of Sorensen’s 
linearization technique. Investigations on various metal ions (Ag +, CU’+, Cd*+, Pb*+) have shown that 
the accuracy and sensitivity, which depend on the nature of the species titrated, are comparable with those 
of other titration techniques. The method permits analytical separations and determinations of metal ions 
in mixtures. No particularly elaborate instrumentation is required and the apparatus described is simple 
to use, reliable and inexpensive. 

Controlled-potential coulometry is usually used for 
analytical separations of metal ions and other electro- 
active species when the more popular constant- 
current and pulsed-current coulometry’~2 cannot be 
applied because of their lack of selectivity. 

For the controlled-potential technique, the elec- 
trolysis current is the parameter generally used to 
determine the end-point, but this approach may 
sometimes not be accurate enough, particularly at 
low concentrations, where the background current 
becomes significant. A means of direct monitoring of 
the transformed species may then improve the per- 
formance. 

Potentiometry is one such means and gives sensi- 
tive end-point detection provided equilibrium is ob- 
tained rapidly at the indicator electrode. Since this is 
usually not the case under constant-current electroly- 
sis conditions, potentiometric end-point detection is 
more effective if the current is switched off while the 
potential is being measured. 

A controlled-potential pulsed-current technique 
has therefore been devised, which is based on repeti- 
tive cycles of the following stages. 

(1) Passage of a current pulse at a working- 
electrode potential controlled at a value suitable for 
redox transformation, of the single species to be 
determined. The electrolysis current is integrated 

*Author for correspondence. 

until a preset charge has been passed and is then 
instantaneously reduced to zero. 

(2) Measurement of the indicator-electrode poten- 
tial (at zero current) once its value is steady. 

The set of potentials is then processed in order to 
get a linear function with respect to the charge 
passed, and from this the titration end-point can be 
extrapolated. 

Besides accuracy, the main advantage of the 
method is the possibility of evaluating the equiv- 
alence point without completing the electrolysis. 

Apparatus 
EXPERIMENTAL 

The apparatus outlined in Fig. 1 has been used for the 
separation and determination of metal ions according to the 
principle described above. 

The printer and potentiometer are commercial units 
(Laben 6061 and Orion 701 A, respectively), and the 
potentiostatic-coulometry unit is specially designed and 
constructed for use in the method, 

The potentiostat (a) provides current at controlled poten- 
tial. The charge passed in a single pulse is controlled by 
means of the current-to-voltage converter (b) and the inte- 
grator (c), the pulse being terminated by a suitable logical 
network as soon as the charge passed reaches the value 
preset on the comparator (d). 

The potentiostat-galvanostat (a) and current-to-voltage 
converter (b) are operationally closely linked. 

In the potentiostatic configuration [(i) in Fig. 21 the use 
of the high-current operational amplifier (No. 1) is quite 
conventiona13q4 whereas in the current-to-voltage converter 
the high-current operational amplifier (No. 2) is used as a 
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feedback 

Fig. 1 

voltage follower, in conjunction with a second operational 
amplifier. Diagram (ii) in Fig. 2 clarifies the reasons for this 
doubling, by showing the logic diagram for current inter- 
ruption under potentiostatic conditions: instead of the cur- 
rent being switched off, it is instantaneously reduced to zero 
by activation of a negative feedback loop from the current- 
to-voltage converter to the potentiostat. This is done to 
avoid the disadvantages associated with the switching of 
relatively high currents. 

To prevent an unsuitable choice of current range from 
invalidating the coulometric data, a current limiter has been 
incorporated which operates by taking control of the 
working-electrode potential when the output of the current- 
to-voltage converter reaches the highest allowed value 
(about 11 V). The high-current operational amplifiers 
HCA.1 and HCA.2 are made by coupling current boosters 
(limited at lOOmA) to LHO042 and LM308 operational 
amplifiers respectively. 

The integrator (c), comparator (d) and stop-reset/start 
logic network, which is suitable for manual operation, is 
shown in Fig. 3. A flip-flop (l/2 SN7401) is used to switch 
the system between the potentiostatic and zero-current 
configurations and to reset the integrator. 

Tiirations 
As can be seen in Fig. 1, the electrolysis and the potential 

measurements can, if desired, be performed at different 
electrodes. Nevertheless this configuration has been em- 
ployed only for special cases, it being generally sttthcient to 
use a single electrode as both working and indicator elec- 
trode. The electrode potential is transmitted from the digital 

output of the potentiometer to a printer (at lo-set intervals) 
and is ,taken as constant if it does not vary by more than 
0.1 mV during a time-period chosen in accordance with the 
behaviour of the electrochemical system.5 The charge to be 
passed in the pulse is preset by means of the current-range 
and time-constant selectors (according to the concentrations 
used and the area of the working electrode) so that about 
20-30 data points are obtained for titration of a single 
species. 

Cell and electrodes 

The cell is equipped with a magnetic stirrer, and a 
nitrogen inlet for deaeration of the test solution. The 
counter-electrode (generally made of platinum) is separated 
from the titration cell by a porous glass disk and is housed 
in a compartment containing the same background electro- 
lyte as the test solution. The saturated calomel reference 
electrode is similarly connected. 

The working electrode has a surface area of about 1 cm’ 
and is made of various materials, as indicated below. 

Solutions 
Titrations were done (at 25”) on 20-ml samples, contain- 

ing the species to be tested, and a background electrolyte 
chosen to give the best current yield and speed of response 
of the indicator electrode. 

The solutions employed are listed in Table 1; they were 
generally acidic to prevent hydrolysis but care was taken to 
avoid concentrations at which hydrogen discharge would 
occur. 

Table 1. Composition of the supporting electrolytes for the determination of 
single ions or ion mixtures 

Type Reagents and concentrations PH 

A CH,COONa lo-‘M + CH,COOH N 5 x lo-‘M 5.8 
B H,SO, 2.5 x 10-3M 2.4 
C KC1 lo-‘M + HNO, 2.5 x lo-‘M 3.5 
D KC1 lo-‘M + CH,COOH _ 5 x lo-‘M 5 
E CH,COONa IO-‘M + CH,COOH 7.5 x 10m2M 5 
F H,SO, 2.5 x 10-3M +(NHJ,SO, 2.5 x 10-“&I 2.8 
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End-point determination 

A linearization technique is used so that the end-point can 
be deduced from the potentiometric data without com- 
pletion of the electrolysis reaction. 

Sorensen’@ method was used instead of Gran’s,’ as the 
latter makes corrections for dilution, which does not occur 
in our method. 

Since deviations from linearity may be encountered both 
for the initial points (because of the state of the indicator 
electrode surface) and for those near to the end-point (at low 
concentrations), the straight lines for extrapolation to the 
equivalence-point are obtained by using only the most linear 
subset of the experimental data. 

This subset is extracted by numerical analysis as described 
elsewhere* and is referred to here as the highest linearity 
segment. For a complete set of c data points, it contains 
(c + 8)/4 consecutive points. This segment, comprising the 

points P(n). . . P(n + m), is selected on the basis of the 
variance minimum given by the three intercepts (on the 
charge axis) of the segments: (a) P(n - 1). .P(n - 1 + m); 
(b) P(n). . .P(n +m) and (c) P(N + 1). . .P(n + 1 +m). 

The selected subset is then used for linear regression 
analysis, which leads to the best straight line, the correlation 
coefficient, and the 900/, confidence limits. 

RESULTS AND DISCUSSION 

The proposed technique was developed for the 
determination of ions by electro-deposition, both in 
systems containing a single species, and in mixture of 
several metal ion; in other words, for an electrolytic 
precipitation titration. 
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An example of the diagrams used for the deter- 
mination of the equivalence point is shown in Fig. 4, 
where a titration of 5 x 10e4M silver is shown. 

In the plot, the Sorensen function S (defined as 
S = 10nE’o.05g, n being the number of electrons in- 
volved in the reaction, and E the measured electrode 
potential) is plotted as a function of charge consumed 
(expressed as C = Q/nFm, where m is the number of 
moles of silver deposited. The points denoted by 0 
pertain to the highest linearity segment, selected as 
indicated. In the same figure the linear-regression 
straight line is shown together with the corresponding 
90% confidence hyperbolas, the intercepts of which 
with the charge axis are the confidence limits for 
location of the end-point. 

Typical results of determinations of single ionic 
species at various concentrations are shown in Table 
2. It is apparent that with all the species tested a 
comparison between the present technique and con- 
ventional controlled-potential coulometry is in fa- 
vour of the former since lower concentrations of the 
ions can be determined.2 This is especially true for 
silver and cadmium, which can be determined with 
acceptable error levels down to concentrations of 
5 x 10m5M and 2.5 x 10m5M respectively. Of course 
the accuracy decreases with decreasing concentration, 
so the uncertainty range, as given by the confidence 
limits, broadens. 

To improve this situation, titrations were done 
with a four-electrode configuration (see for instance 
experiment 5) and gave much better results for silver, 
both in terms of relative error and of confidence 
limits. Another possible source of deviation is man- 
ifested in titration 8 (of lead) which gave the highest 
relative errors for high concentrations. This can be 
related to the fact that lead, at high current densities, 
produces dendritic deposits, which make it difficult 
for the potential of the working-indicator electrode to 
equilibrate rapidly. The formation of dendritic lead is 
enhanced if silver electrodes are used, because their 
smoothness is initially poorer than that of platinum. 
However, the accuracy obtained is similar to that of 
other potentiometric titrations based on the Gran 
linearization method.g 

The technique proposed is particularly interesting 
for separate determination of ions in mixtures. Vari- 
ous concentration ratios have been explored in this 
connection. 

Table 3 shows typical results obtained for a num- 
ber of determinations of silver and copper present in 
the same solution. 

The relative error in the determination of silver, the 
first ion titrated, is very similar, in most instances, to 
that obtained when silver is the only ion present. The 
second species to be determined deserves more atten- 
tion. The overall error for a pair of ions is less than 
or equal to the sum of the relative errors for the 
various ions. When the amount of copper is calcu- 
lated from the difference between the total charge 
passed and the theoretically “known” amount of 

, 
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Table 3. Titrations of mixtures of Ag+ and Cu2+ (silver electrode) 

Electrolysis 
potential, 

mvvs. 
Molarity Respective SCE Coulombs for Ag+ Error, 

counter- Solution % 
Run Ag+ cuz+ ions composition Ag + C$+ Expected Found Ag+ 

13 5 x 10-x 2.5 x 10-j NO, SOi- B +150 -250 9.65 9.65 0.0 
14 5 x IO-3 2.5 x 10-l NO; SO:- B +150 -220 9.65 9.5 -1.5 
15 5 x 10-3 2.5 x lO-3 NO; CH,COO- E +150 -220 9.65 9.5 -1.5 
16 5 x 10-Z 2.5 x lo-* NO; so:- F +150 - 220 96.5 99 f2.5 
17 5 x 10-1 2.5 x IO-’ NO, so:- F +150 -220 9.65 9.5 -1.5 
18 2.5 x lo-’ 1.25 x lo-) NO; so:- F +150 - 220 4.825 4.65 -3.5 
19 1 x 10-l 5 x 1o-4 NO, so:- F +150 -220 1.93 1.88 -2.6 
20 5 x 10-d 2.5 x lO-4 NO, so: - F +150 -220 0.965 0.92 -4.2 
21 5 x 10-S 2.5 x lO-5 NO, so:- F fl50 -220 9.65 x lO-2 9.65 x lo-’ 0.0 
22 5 x 10-s 2.5 x 1O-3 NO, so:- F 1-150 -220 9.65x 10m2 9.6x lO-2 -0.5 
23 5 x 10-3 2.5 x lO-4 NO, so:- F +150 -220 9.65 9.65 0.0 
24 5 x 10-Z 2.5 x 1O-4 NO, so:- F +150 -220 96.5 94.7 -1.9 

Coulombs for Cu2+ 

Run 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Found 
Error, Coulombs for 

I II Ag+ + Cu’+ Error, 
(from (from $+ % 

Expected Ag found) Ag taken) I II Expected Found Ag+ + Cu’+ 

9.65 9.9 9.9 i-2.6 +2.6 19.3 19.55 +1.3 
9.65 9.8 9.65 +1.5 0.0 19.3 19.3 0.0 
9.65 9.8 9.65 +1.5 0.0 19.3 19.3 0.0 

96.5 93.5 96 -3.1 -0.51 193 192.5 -0.2 
9.65 9.7 9.55 +0.5 -1 19.3 19.2 -0.5 
4.825 5 4.825 +3.6 0.0 9.65 9.65 0.0 
1.93 1.98 1.93 +2.6 0.0 3.86 3.86 0.0 
0.965 0.97 0.925 +0.5 -4 1.93 1.81 -2 

9.65 x lo-* - - 
9.65 9.50 - -1.5 - 9.75 9.60 -1.5 
0.965 0.91 -5.2 10.61 10.56 -0.5 
0.965 1.01 +5.2 97.46 95.71 -1.8 

silver, the error is less than when it is calculated on 
the basis of the charge passed between the two 
end-points. 

This points to the absence of a specific interference 
between the two ions and indicates that the only 
additional source of error is the uncertainty affecting 
the determination of the first ion to be titrated. 

Similar considerations can be applied to deter- 
minations of ions in other binary mixtures, such as 
silver and lead (Table 4), for which the figures 
obtained are quite satisfactory. 

The relative proportions of the two components do 
not greatly affect the results (Tables 3 and 4). 

Figure 5 shows that successive determination of 
more than two metals is a possibility; in particular the 
system Ag+-Cu*+-Pb2+ has been tested (experi- 
mental conditions: three-electrode system; Ag work- 
ing electrode; solution E; electrolysis potentials re- 
spectively + 150, -200, - 800 mV us. WE). The 
relative errors in the various determinations were of 
the same order of magnitude as those found when the 
same ions were determined separately. 

CONCLUSIONS 

During the present investigation a controlled- 
potential pulsed-current coulometric method has 
been developed. The technique, based on the poten- 
tiometric determination of the equivalence point by 
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means of Sorensen’s linearization procedure permits 
reasonably short run times as it does not require the 
titration to be taken to completion. 

The use of a linearization function permits easy 
statistical analysis and therefore provides a test of the 
accuracy of the determination. The procedure offers 
the advantage over constant-current coulometric ti- 
trations that it can be used for analytical separations 
of mixtures of metal ions which can be electro- 
deposited. The sensitivity and the accuracy compare 
favourably with those of other titration techniques. 

It should be noted that the end-point can also be 
predetermined in conventional controlled-potential 
electrolysis (by using plots of log i us. time), but there 
are instrumental complications regarding the stirring 
conditions, which must be rigorously controlled; fur- 
thermore this variation of the method does not have 
general applicability. In contrast, the proposed tech- 
nique calls for less sophisticated instrumentation and, 
because of the short integration times for each cur- 
rent pulse, makes less severe demands on the integra- 
tor performance. 

REFERENCES 

1. J. J. Lingane, Electroanalytical Chemistry, 2nd Ed., p. 
484. 
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SHORT COMMUNICATIONS 

FLOW ENTHALPIMETRIC DETERMINATION OF 
GLUCOSE, BASED ON OXIDATION BY 

1,4-BENZOQUINONE AND USE OF AN IMMOBILIZED 
GLUCOSE OXIDASE COLUMN 

NOBUTOSHI KIBA, TOSIMITSU TOMIYASU* and MOTOHISA FURUSAWA 
Department of Chemistry, Faculty of Engineering, Yarnanashi University, Takeda-4, Kofu-shi 400, Japan 

(Received 14 June 1983. Accepted 17 August 1983) 

Summary-A flow enthalpimetric method for the determination of glucose is presented. The method is 
based on the reaction of glucose with 1,4benzoquinone in the presence of immobilized glucose oxidase. 
~-Glucose concentrations ranging from 0.02 to 75mM can be determined. The method is applicable to 
the determination of glucose in soft drinks, wines, beers, jams and serum. 

Enthalpimetric flow systems using immobilized en- 

zyme reactors have been developed for the deter- 
mination of glucose. Glucose oxidase (EC 1.1.3.4)‘” 
and hexokinase6,’ were the enzymes immobilized in 
the reactors. Co-immobilization of glucose oxidase 
and catalase8.9 resulted in an increase in sensitivity 
and an extension of the linear range of the calibration 
curve. Glucose oxidase is highly specific for glucose. 
However, the enzyme can react very rapidly with a 
variety of acceptors. Oxygen, which is the natural 
enzyme acceptor, can be replaced by benzoquinone.‘O 
Williams et al.” and Gorton et al.‘* proposed the use 
of benzoquinone as the enzyme acceptor in an elec- 
trochemical assay of glucose. This paper describes the 
adaption of the reaction to a flow enthalpimetric 
system for determination of glucose. The method has 
a wide linear concentration range (0.02-75mM) 
which would not be possible with oxygen as acceptor 
in the co-immobilized enzyme system. 

EXPERIMENTAL 

Reagents 

Glucose oxidase (from amagasakienese, 110 units/mg, 
Nagase Seikagaku Co., Tokyo, Japan) (70 mg) was immo- 
bilized on 1 g of the aminoaryl derivative of controlled-pore 
glass beads (12&200 mesh, pore diameter 55 nm, Electro- 
Nucleonics, Fairfield, U.S.A.) by diazotizationi3 A O.lM 
buffer solution (KH,PG,/Na,HPO,, pH 6.0) was used. 
1,4-Benzoquinone (Tokyo Kasei, Tokyo, Japan) was re- 
crystallized twice from cyclohexane and dried in a vacuum 
for 3 hr. The quinone was further purified with a high-speed 
zone refiner.“’ The activity of the immobilized enzyme was 
reduced by adhesion of some black compounds present in 
the crude benzoquinone. Up to 6 g could be purified in a 

*Present address: Atsugi Factory, Nippon Valqua Indus- 
tries Ltd., Atsugi-shi 243, Japan. 

day. The quinone solution was prepared in the buffer. The 
stock solution of D-ghCOSe (Merck) (l.OM) was also pre- 
pared in the buffer. The solution was allowed to come to 
anomeric equilibrium (/?-D-glucose 63.5°~)‘5 at room tem- 
perature. Calibration standards were made by dilution of 
the stock glucose solution with the buffered quinone solu- 
tion. 

Apparatus 

The enthalpimeter (Japan Electron Optics Laboratory, 
Tokyo, Japan), piston pump and loop injector used were 
those employed previously. ‘W The detection column (bed 
0.8 cm diameter, 3.5 cm length) was packed with the immo- 
bilized enzyme (1 g). 

Procedure 

The quinone solution (45mM) was pumped at a flow-rate 
of 4.0 ml/min. The sample (1 .O ml) was diluted to 10 ml with 
50mM quinone solution in the pH 6.0 buffer, and 2.0 ml of 
this solution were introduced into the flow-stream by means 
of the loop injector. The height of the temperature peak was 
measured as the maximum deflection from the base-line. 

0 2 4 6 8 IO 

Flow- rate (ml/mm) 

Fig. 1. Dependence of peak-height on flow-rate. A, 
6.02 x IO-‘M D-ghCOSe; B, 2.00 x 10e4M D-glucose. 
Sample volume 2.0 ml, 45mM benzoquinone solution 

(pH 6.0), column temperature 30”. 
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Table 1. Determination of glucose 

c.v.,* % 
[D-glucose], mM AT, 10m3 deg. (n = 5) 

0.0200 0.250 0.8 
0.0301 0.375 0.8 
0.200 2.50 0.6 
0.602 7.50 0.5 
2.00 25.0 0.3 
6.02 75.5 0.3 
20.0 250 0.1 
60.2 760 0.1 
70.2 878 0.1 
75.4 944 0.1 

*Coefficient of variation. 

Four calibration curves were prepared, covering the 
o-glucose concentration ranges of (M. 1,O. 1-l .O, 1 .&lO and 
1&75mM. 

RESULTS AND DISCUSSION 

Peak-height as a function of flow-rate was studied 
over the range l&8.0 ml/min. As shown in Fig. 1, 
the reaction was complete at all flow-rates tested, 
since the peak-height increased linearly with 
flow-rates above a certain value (3 ml/min). At these 
higher flow-rates, the rapid passage through the 
reaction column narrows the peak-width. The appar- 
ent fall-off in response at flow-rates below 3 ml/min 
is due to heat loss from the column.r8 The influence 
of pH of the buffer on the peak-height and the 
stability of the quinone solution was studied. Two 
kinds of buffer solution, acetate buffer (O.lM, pH 
4.G6.0) and phosphate buffer (O.lM, pH 5.58.0), 
were used. The peak-height was independent of pH 
in the range 4.0-7.0. The type of buffer did not 
influence the peak-height (at pH 5.5 and 6.0). At pH 
8, the quinone solution turned rapidly from yellow to 
black and a black precipitate separated out within 6 
hr. The peak-height was almost independent of 
sample volume, provided this was larger than 2.0 ml. 
The linearity of the calibration curve was not 
influenced by the presence of dissolved oxygen in the 
quinone solution. Because of vaporization of quinone 
from the solution, the quinone solution was only 
stable at concentrations below 50mM. A flow-rate of 
4.0 ml/min, a sample volume of 2.0 ml, a phosphate 
buffer of pH 6.0 and a quinone concentration of 
45mM were therefore chosen. 

Under these conditions a linear relationship was 
obtained between peak-height and o-glucose concen- 
tration in the range 0.02-75mM. The rate of analysis 
was 40 samples per hr. The immobilized glucose 
oxidase served for at least 3000 samples. Table 1 
summarizes the results obtained with solutions of 
known concentration. 

The method was applied to the determination of 
glucose in soft drinks, wines, beers, jams and serum. 
A l-ml sample of beverage was boiled for 3 min in 
a lo-ml evaporation tube, then transferred to a lo-ml 
standard flask and made up to volume with 50mM 

Table 2. Determination of glucose in some samples 

Certificate 
D-glucose, C.V., % value, 

Sample g/100 ml (n =6) g/100 ml 

Soft-drink 1 4.37 0.44 4.3 
Soft-drink 2 4.34 0.68 4.3 
White wine 1 0.222 1.0 0.2 
White wine 2 1.29 0.41 1.2 
Red wine 1 0.0536 1.7 0.05 
Red wine 2 0.0869 1.5 0.07 
Beer 1 0.0259 1.6 0.03 
Beer2 0.0358 1.6 0.03 
Strawberry jam 10.8* 0.1 10* 
Apricot jam 9.81; 0.1 10s 
Serum 0.0984 1.2 0.094-l 11 

*Fmo g. 

quinone solution in pH-6.0 buffer. Red wine was 
filtered through 5 g of Bio-gel P-300 (SO-100 mesh) 
to remove colouring matter before analysis. Jam 
(1.0 g) was dissolved in hot water, followed by 
dilution to 50 ml with the buffer. Any insoluble 
material was filtered off and a l.O-ml portion of the 
filtrate was diluted to 10 ml with the quinone solu- 
tion. For the determination of glucose in serum 
(Boehringer Mannheim, Precinorm S), a precolumn 
(0.8 cm bore, 3.5 cm length, CPG beads, 2OWIOO 
mesh) was placed in the line between the injector and 
the enthalpimeter to remove adducts of benzo- 
quinone and proteins in the serum. The results (Table 
2) were in agreement with the certified values. 
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DETERMINATION OF INDIUM AND THALLIUM BY 
HYDRIDE GENERATION AND ATOMIC-ABSORPTION 

SPECTROMETRY 
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(Received 23 May 1983. Accepted 29 August 1983) 

Summary-Hydride generation coupled with atomic-absorption spectrometry was applied to the deter- 
mination of indium and thallium. The hydrides were generated in 1M HCl (In) and l-l .5M HCI or HNO, 
(Tl) with 1% NaBH, solution, and were flushed with argon into an electrically heated silica tube. The 
characteristic mass for indium and thallium were 0.13 and 0.12 pg, respectively. 

Since 1972, when Braman et al.’ first used sodium 
borohydride to generate arsine and stibine, hydride 
generation coupled with atomic-absorption spec- 
trometry (HGAAS) has been widely used for the 
determination of trace elements in Groups IV, V and 
VI of the Periodic Table, such as Ge, Sn, Pb, As, Sb, 
Bi, Se and Te.” In 1982 Busheina and Headridge’ 
extended the method to other elements and found 
that indium could be determined by atomic- 
absorption spectrometry with hydride generation 
from aqueous solution. These authors found that not 
all of the indium(II1) is converted into its hydride, a 
black precipitate (presumed to be metallic indium) 
being produced on addition of sodium borohydride. 
The method of determination had poor sensitivity 
and its characteristic mass was 0.3 pg. We have 
repeated these experiments and found that the 
black precipitate produced is probably not metallic 
indium but a complex of indium hydride, because on 
addition of water it decomposes with the evolution of 
a gas which gives absorption signals for indium. 
Thallium hydride can also be generated by addition 
of sodium borohydride solution, but the sensitivity of 
the hydride-generation AAS method is very low 
(characteristic mass 2.9 pg). However, when other 
hydride-forming elements such as As, Pb, Te and In 
are also present, they facilitate thallium hydride 
formation and the characteristic mass is lowered to 
0.12 pg. 

*Author for correspondence. The rate of formation of indium hydride is rather 

Apparatus 
EXPERIMENTAL 

The hydride generator and quartz tube atomizer have 
been described previously;* instrumental parameters are 
summarized below. 

Reagents 

Standard indium solution. Dissolve 0.1000 g of indium 
metal (99.99% pure) in the minimum volume of 6M hydro- 
chloric acid, add 2 drops of 30% hydrogen peroxide with 
gentle heating, and dilute to lOOm1 with 1M hydrochloric 
acid. 

Standard thakun solution. Dissolve sufficient pure thal- 
lium acetate in lOOm1 of demineralized water to give a 
solution containing 1 mg of Tl per ml. 

Sodium borohydride solution. Use 1% solution for indium 
and a 1% solution containing 0.15% of sodium hydroxide 
for thallium. 

Procedure 

Zndium. Pipette the sample solution (100~1) into the 
reaction vessel and place this in a hot water-bath (60 + 5”). 
Attach the reaction vessel to the apparatus and purge with 
argon for 1 min at a flow-rate of 0.87 l./min. Inject 1 ml of 
1% sodium borohydride solution (a black turbidity is pro- 
duced). Record the absorbance at an atomization tem- 
perature of 1080 + 20”. As soon as the recorder pen returns 
to the base-line inject l-l.5 ml of water. Repeat until no 
further signals are observed. Calculate the total absorbance 
from a summation of the peak heights (Fig. 1). 

Thallium. Pipette 200~1 of standard thallium solution 
into the hydride generator and place this in an ice-bath. 
Attach the generator to the apparatus and purge with argon 
for 1 min at a flow-rate of 0.44 l./min. Inject 2 ml of sodium 
borohydride solution. Record the absorption signal at an 
atomization temperature of 980 k 20”. 

Indium 
RESULTS AND DISCUSSION 

Instrumental parameters 

Wavelength, Band-width, Purge 
Element AA spectrometer nm nm gas 

In Peking Geological 
Instrument Factory GGX-1 303.9 0.2 argon 

Tl Perkin-Elmer 403 276.8 0.7 argon 
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Table 1. Effect of HCl concentration on peak absorbance of indium 
(20 fig) 

HCl concentration, M 0.5 1.0 2.0 5.0 
Absorbance for 1st signal 0.304 0.230 0.130 0.036 
Total absorbance 0.414 0.410 0.383 0.036 

Table 2. Influence of lead, arsenic, tellurium and indium on the 
absorbance of thallium (50 pg) 

Species added In’+ Pb2+ As?+ Te4+ 
Absorbance 0.166 0.252 0.353 0.344 0.611 

Table 3. Effect of tellurium on thallium hydride formation 

Te added, pg 
Absorbance due to Tl 

TI 51rg 
Tl 5Opcg 

0 1 2 5 2.5 50 

0.018 0.134 0.197 0.145 0.094 0.055 
0.166 - - 0.658 0.490 0.340 

b 

b 

A 0 

Fig. 1. Recorder traces obtained with A, 4pg, B, 8 pg of 
indium in 100~1 of 1M HCl. a, absorption signal after 
injection of NaBH, solution. b, c, d, absorption signals after 

Addition of elements which readily form hydrides, 
such as arsenic and tellurium, produced enhancement 
effects (Table 2). 

injection of water. 

low and temperature has a great influence on it. At 
60 f 5” the absorbance is about twice that at room 
temperature. The acid concentration influences not 
only the production of indium hydride but also its 
complex formation. When the acid concentration is 
high (5M) no black precipitate is formed after injec- 
tion of sodium borohydride solution, and no further 
signal is produced after injection of water (Table 1). 
The total absorbance is constant when the acid 
concentration is in the range 0%2.OM, but the first 
absorption signal increases with decrease in acidity. A 
concentration of 1M hydrochloric acid was selected. 
If the sample volume is increased, the absorbance is 
decreased (100~1, A = 0.470; 200~1, A = 0.350; 
300 ~1, A = 0.040); the optimum volume is 100 ,ul, as 
found by Busheina and Headridge.’ Attempts were 
made to use a freezing-out technique (liquid-nitrogen 
cold trap and helium as purge gas) to collect all the 
indium hydride and obtain a single absorption signal. 
The experiment failed because the indium hydride 
was very unstable. The weight of indium giving 1% 
absorption is 0.13 pg. The reproducibility (RSD) of 
the method, based on 10 determinations, is 8.5% 
(6 pg of indium). 

It can be seen that tellurium has the greatest effect. 
Addition of 2 pg of tellurium increased the absorb- 
ance due to 5 pg of thallium by a factor of more than 
10 (Table 3). The quantity of tellurium to be added 
depends on the amount of thallium to be determined. 
If an excessive amount of tellurium(IV) is added, a 
large quantity of elemental tellurium is produced 
during the reduction reaction, and the absorbance 
due to thallium drops. 

From these results it is suggested that the addition 
of hydride-forming elements accelerating the for- 
mation of thallium hydride causes the production of 
complex hydrides. The problems involved in the 
determination of indium and thallium by hydride- 
generation AAS in the presence of foreign ions due 
to the formation of such complex hydrides require 
further investigation. 
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hydride-generation AAS determination of thallium. 
The present work shows that thallium hydride can be 
generated in hydrochloric acid or nitric acid 
(l-l SM). The optimum volume range is 100-400 ~1. 
Thallium hydride is very unstable and the absorbance 
obtained on generation at 0” was twice that obtained 
at room temperature. 
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Summary-An examination has been made of the kinetics of electro-deposition of copper and silver from 
acid solution, with special reference to the rate of chemical dissolution of the deposited metal. 

Inductively-coupled plasma atomic-emission spec- 
trometry (ICP-AES) is the most sensitive analytical 
technique for simultaneous determination of several 
metals in solution at pg/ml and ng/ml concen- 
trations.‘** It also has the advantage that it is very 
specific, and to a high degree free from interferences. 
It therefore seems ideal for studies of the mechanism 
and rates of electro-deposition of metals from such 
solutions. No such study has been made so far. 

Electra-deposition of metals has been studied ex- 
tensively in the past.3 Two main ranges of metal ion 
concentration have been used in these studies: (1) 
millimolar or higher, and (2) below micromolar. In 
the first case, the amount of deposit and hence the 
rate of electro-deposition could be determined gravi- 
metrically. In the second case, radiotracers were 
generally used.4 The intermediate concentration 
range, between micromolar and millimolar, has been 
studied least. The modern instrumental methods of 
analysis such as atomic-absorption spectrometry, 
fluorescence spectrometry, neutron-activation, and 
especially ICP-AES now make it feasible to study 
this range, but such investigations are still rare, and 
the understanding of the kinetic laws of electro- 
deposition is still based on the early studies using 
gravimetric or radiotracer analytical techniques. 

The aim of the work described in this paper was to 
use ICP-AES to study the kinetics of the simul- 
taneous electro-deposition of copper and silver from 
millimolar solutions of their salts. 

EXPERIMENTAL 

The electro-deposition was conducted on a platinum foil 
cathode with a surface area of 22 cm2. The anode was a 
straight platinum wire. The electrolysis was done in a 
covered beaker containing 150 ml of test solution, stirred by 
a magnetic stirrer. Galvanostatic electrolysis was used, with 
a current of 0.4 A from a rectifier. The applied voltage was 

*Present address: Institute of Industrial Chemistry, ul. 
Rydygiera 8, Warsaw, 01-793 Poland. 

lO-15V. The compositions of the test solutions are 
presented in Table 1. Four of the solutions contained 
sodium sulphate (O.lM) as supporting electrolyte. All re- 
agents used were of analytical purity (Baker Analyzed). At 
the start of the electrolysis the solution was at room 
temperature (25”), and during the electrolysis the tem- 
perature of the solution increased to 3638”. 

The solutions were analysed with an Applied Research 
Laboratories ICP-QA 137 ICP spectrometer, as previously 
described. >’ 

RESULTS 

As shown in Table 1 the first two experiments were 
conducted with solutions containing several heavy- 
metal salts; in the next three experiments only copper 
and silver salts were present besides the supporting 
electrolyte. Figures 1 and 2 present the kinetics of the 
copper and silver electro-deposition. Analysis of the 
plots shows the kinetics to be first-order or more 
complex, depending on the composition of the solu- 
tions. The highest rate of deposition of copper ob- 
served was from a solution containing sulphuric acid 
(Tables 1 and 2, experiment 4). The presence of nitric 
acid visibly slows down the rate of electro-deposition 
(experiment 5) of both copper and silver, but in this 
experiment copper was deposited slower at the begin- 
ning and towards the end of the electrolysis (Fig. 1). 
The mid increase in the rate of electro-deposition is 
most probably due to the increase of pH during the 
electrolysis, from reduction of the nitric acid to 
ammonia. After 4.5 hr of electrolysis the pH in 
experiment 5 had increased to 9.6 from the initial 
value of 2.2, and the solution contained 
ammonia. 

Experiment 6 was different from the others in that 
the solution did not initially contain heavy metal 
cations, and a copper foil with surface area 12.5 cm2 
was used as the cathode. After 5 hr of electrolysis at 
a current of 0.4 A (solution composition as for 
experiment 5, but without added AgNO, and CuSO,) 
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Table 1. The solutions electrolysed 

Experiment Initial solution compositon 

1 0.36M NaNO,; 6.3mM Cd(NO,),; 9.3mM 
Co(NO,),; 7.2mM Cr(NO,),; 6.4mh4 
Cu(N’U 5.2mM Fe(NO,),; 11.7mM 
Pb(NO,),; 17.9mM Zn(NO,),; solution 
acidified to pH = 2.2 with nitric acid. 

2 2.ChnM AgNO,; 1.8mM Hg(NO,),; 5.OmM 
Mn(NO,),; 1.8mM Ni(NO,),; solution 
acidified to pH = 1.4 with nitric acid. 

3 O.lOM Na,SO,; 0.25mM AgNO,; 0.93mM 
cuso,. 

4 O.lOM Na,SO,; 0.27mM AgNO,; l.OOmM 
CuSO,; solution acidified to pH = 2.0 with 
sulphuric acid. 

5 O.lOM Na,SO,; 0.27mM AgNO,; l.OOmM 
CuSO,; solution acidified to pH = 2.2 with 
nitric acid. 

6 O.lOM Na,SO,; solution acidified to pH = 3.2 
with nitric acid: electrode pure coDDer foil. 

copper was detected in the solution at a concentration 
of 1.75 FM (110 ng/ml), well above the limit of 
detection (40 ng/ml) for copper, with the Babington- 
type nebulizer used. 

The rate of chemical dissolution of copper foil was 
also directly measured, under the conditions of ex- 
periment 6 but without an applied external potential, 
by determining the decrease in weight of the copper 
foil with time. The values of the rate obtained from 
two such determinations (for times of 60 and 90 min) 
were 0.8 x 10m9 and 1.4 x low9 mole. cmd2. set-‘. 

DISCUSSION 

Anderson and Sioda recently discussed the mech- 
anism of electro-deposition from solutions of low 

1 IO@ 

I I I t I 

I 2 3 4 5 

Time I hr) 

Fig. 1. Semilogarithmic plot of concentration US. time for 
copper electro-deposition. The initial compositions of the 
solutions are shown in Table 1, and the symbols for 

experiments are: 0-l; A-3; lJ4; A-5; O-6. 

0 LOD 

ION I I 1 1 I 
I 2 3 4 5 

Time (hr) 

Fig. 2. Semilogaritbmic plot of concentration vs. time for 
silver electro-deposition. The initial compositions of the 
solutions are shown in Table 1, and the symbols for 
experiments are: 0-2; A-3; O--4; k-5. The lowest 
concentration point corresponds to the limit of detection 

(LOD). 

concentrations of heavy metal cations.* By use of the 
hypothesis of Joliot,9 the rate equation of the electro- 
deposition was shown to result from two simul- 
taneous processes of deposition and dissolution. 
When these two rates become equal an equilibrium 
concentration of the metal cation in solution is 
reached. Some of the present results seem to indicate 
approach to such equilibrium concentrations, namely 
those from experiment 5 for copper, and experiment 

4 for silver. The result of experiment 6 for copper 
confirms this mechanism, since despite the cathodic 
current protection of the copper cathode, some of the 
copper foil dissolved during the electrolysis. The 
measured concentration of copper in solution after 5 
hr of electrolysis may be close to an equilibrium 
concentration. 

Table 2. The measured rate constants of electro-deposition 
of copper and silver* 

Rate constantst, 10-j cm/set 

Experiment Copper Silver 

1 2.62 f 0.14 
2 - 8.3 
3 1.50 + 0.09 7.71 &- 0.70 
4 3.68 + 0.16 6.88 * 0.14 
5 1.70 * 0.05 3.34 f 0.09 

*The first-order rate constants are calculated from the 
slopes of the straight-line segments of the curves in Figs. 
1 and 2, obtained by the least-squares method. The 
slopes corresponding to the semilogarithmic plots have 
been divided by 3600sec/hr and the electrode surface 
area (IX?) and multiplied by the solution volume (ml) 
and In 10 ( = 2.303). 

tMean and standard deviation. 
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An equation was recently derived for the equi- 
librium concentration of metal ion in solution after 
prolonged electrolysis, when an excess of deposit is 
present on the electrode surface.” Such a case is 
exemplified by an electrode composed of the metal 
which is being deposited. The equilibrium concen- 
tration, c,, according to the hypothetical model, is 

c, = kz/k, (1) 

where k, is the rate constant of deposition (in cm/set), 
and k2 is the rate of dissolution (in mole. cmm2. xc-‘). 
Substituting into equation (1) the measured values of 
the equilibrium copper concentration (1.75 @f from 
experiment 6) and the rate constant of deposition, 
(1.7 x 10W3 cm/set from experiment 5) gives the rate 
of copper dissolution as 3.0 x 10m9 mole. cme2. set-’ 
for the conditions used, including the presence of 
nitric acid. 

The similarity of the values found for k, from 
equation (l), 3.0 x 10m9 mole.crn2.sec-‘, and by 
direct measurement of the dissolution rate, 1.1 x low9 
mole.cm-2. see-‘, may be considered to support the 
mathematical model leading to equation (1). 

The numerical discrepancy between the two values 
may result, to some extent, from the exclusion of the 
roughness factor of the deposit in the calculation of 
k, from the measurements in the deposition experi- 
ments. The deposits formed were microcrystalline 
and fluffy, and their true areas probably much higher 
than the geometrical area of the electrode. As k, 

calculated from the measurements is inversely pro- 
portional to the electrode surface area, any increase 

in the true electrode surface area caused by the 
roughness of the deposit should decrease k, and, 
according to equation (l), also decrease the calcu- 
lated k,. Thus, the two separately measured values of 
the dissolution rate may actually be closer. 

It is believed that similar studies to these will be 
helpful in elucidation of the mechanism and kinetics 
of electro-deposition of metals from solutions of low 
concentrations. Such investigations are of special 
value for the application of electro-deposition as a 
preconcentration and separation technique for trace 
and ultratrace analysis. 
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Summary-A method is described for the determination of chromatographic fractions of heroin and 
strychnine in the pg and sub-pug range by measurement of the pitch and handedness of their induced 
cholesteric mesophases in MBBA and Phase IV, respectively. 

When a chiral “guest” substance is dissolved in a 
nematic liquid crystal, its molecular chirality is trans- 
ferred to the bulk of the solvent, which becomes 
organized into a macrostructural cholesteric helix.le3 
A cholesteric structure is characterized by its hand- 
edness and pitch. 

Equal amounts of enantiomeric “guests” of equal 
optical purity induce helical structures with identical 
pitch and opposite handedness.* Different substances 
show different abilities to twist a nematic phase. The 
twisting power of a chiral dopant (&) can be 
defined as4,5 

Bhl = llpcr 

where p is the pitch km), c is the mole fraction and 
r the enantiomeric purity of the dopant. For very 
dilute solutions the concentration can be expressed as 
the mass ratio of solute to solvent. The parameter /3 
@m-l), together with the sign + or - for the P-helix 
or M-helix, characterizes the chiral solute in a similar 
way to the specific optical rotation. However, the 
physical origin of the two quantities is entirely 
different; optical rotation depends on the interaction 
of light with molecules, while the twisting power 
originates from interactions between molecules of 
solute and solvent.6 In principle, the quantity fi can 
give information in the same area as that given by the 
optical rotation, but of different quality owing to the 
difference in its origin. In particular, the passage from 
molecular to macrostructural chirality amplifies the 
molecular dissymmetry. This can be used to charac- 
terize molecules with very low optical rotation, such 
as compounds made chiral by isotopic substitution,’ 
and to detect small amounts of chiral organic sub- 
stances.* 

In the present communication, we report deter- 

mination of heroin and strychnine 
induced cholesteric mesophases. 

EXPERIMENTAL 

from the pitch of 

The pitch was determined by means of the 
Grandjean-Cano method, based on the observation of the 
discontinuity lines appearing when a cholesteric liquid crys- 
tal is inserted into a cell of variable thickness.“’ A drop of 
the cholesteric solution (ca. 2.5 mg) was placed between a 
planoconvex lens and a glass plate, both rubbed previously 
with tissue paper, the rubbing direction of the lens and plate 
being kept parallel. I’ The preparation was observed with a 
polarizing microscope and showed both the 
Grandjean-Cano disclinations (concentric circles, Fig. 1) 
and the coloured rings which are connected with the vari- 
ation of the rotatory power with sample thickness.‘2s’3 The 
separation of disclination lines gives the pitch value” p as 

where R is the radius of curvature of the lens and r is the 
radius of the Grandjean-Cano circles. 

Rotation of the analyser displaces the colourecl rings, 
owing to the rotatory power. In particular, if a clockwise 
rotation of the analyser displaces the circles towards in- 
creasing thickness of the sample, the rotatory power is 
right-handed, and so is the cholesteric helix (if the wave- 
length of the light used is shorter than the wavelength of the 
selective reflection band).13 

The measurements were done with a Zeiss polarizing 
microscope and “Galileo” planoconvex lenses of radii from 
20 to 40 mm. 

In order to obtain the disclinations more easilv, both the 
lens and the glass plate were treated with -&-methyl- 
aminopropyl-triethoxvsilane (MAP. Dow-Corninaj.‘4 Pitch _ __ ~ _* 
measurements were made at 18-20”. Temperature effects on 
the pitch values were negligible. 

The liquid crystals used as solvent were MBBA (p- 
methoxydenzylidene-p’-n-butylaniline) from Riedel he 
Haen, and PCH [mixture of truns-Calkyl (4-cyanophenyl) 
cyclohexanes] (nematic phase 1083) and Phase IV (mixture 
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Fig. 1. Grandjean-Cano disclinations in a sample of heroin dissolved in MBBA. 

of azoxy compounds) from Merck. The solutions used for 
calibration were obtained from a standard solution of 
GLC-purity heroin in chloroform. Before addition of the 
liquid crystal, the sample was completely freed from chloro- 
form. Once the liquid crystal was added, the solution was 
mechanically shaken and heated several times, to above the 
clearing point. A similar procedure was used for strychnine. 

GLC measurements were made on a Varian Aerograph 
1400, with SP 2100 glass columns and a flame-ionization 
detector. 

TLC separation of illicit heroin was done on a silica gel 
plate (5 x 20 cm) with chloroform-methanol (9: 1 v/v) as 
eluent. The spot corresponding to heroin was extracted with 
anhydrous chloroform and the solution evaporated to dry- 
ness; MBBA was then added and the resulting cholesteric 
mesophase measured directly. 

RESULTS AND DISCUSSION 

The twisting power of heroin is positive in both the 
liquid crystals studied, MBBA and PCH, and the 
average value of j3 in MBBA is + 22.0 + 0.5 pm-‘. 

Plots of l/p as a function of the concentration of 
the dopant are given in Fig. 2. The concentration was 
expressed in mg of heroin/5 mg of solvent, as 5 mg 
of cholesteric mesophase are more than sufficient for 
two determinations. In MBBA the plot is linear over 
the concentration range from 1.4 x lo-* down to 
7.75 x low4 mgj5 mg, the latter value representing 
the lowest concentration at which reproducible values 

of the pitch were obtained. At concentrations higher 
than 1.4 x IO-* mg/5 mg the value of /_I decreases, 
probably because of the limited solubility of heroin. 
In PCH the plot is linear between 4.0 x IO-* and 
9.4 x 10e3 mg/5 mg the significance of these values 
being the same as for MBBA. 

The calibration curve obtained for strychnine in 
Phase IV is also linear from 2.5 x lo-* down to 

IO 20 30 40 

IO3 x (mg hsroin/5mg solvent) 

Fig. 2. Plots of inverse of the pitch (l/p) as. concentration 
of heroin in MBBA (-) and PCH (-.-.-). 
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3 x 10e3 mg/S mg; the twisting power is + 8.0 f 0.3 
pm-‘. 

In MBBA the minimum amount of heroin de- 
tectable is 0.38 fig, i.e., at the level of gas chro- 
matographic determination, and the + sign of the 
cholesteric mesophase represents a further 
identification factor. 

The technique was checked on a sample of illicit 
heroin after a TLC analytical separation, the quantity 
of heroin being determined by the liquid crystal 
technique. The purity obtained was in good agree- 
ment with that determined by GLC. 

The general method reported earlier’ is based on 
the determination of the pitch of induced cholesteric 
mesophases by an infrared optical rotatory dispersion 
technique. The present method offers the advantage 
of variable path-length, so that a wide range of pitch 
is accommodated, and requires only an inexpensive 
commercial microscope available in all laboratories. 
Coupled with standard analytical TLC it could be of 
practical use when more sophisticated and expensive 
procedures are not available. 
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Summary-An indirect method for determination of trace cyanide in water by atomic-absorption 
spectrophotometry is described. Cyanide forms a stable complex anion with Pd in alkaline solution. This 
complex anion can form an ion-association complex with tetra-alkylammonium ions which can be 
extracted into n-butyl alcohol with an efficiency higher than 90%. The extract can be analysed directly 
for palladium (and hence indirectly for cyanide) by flame atomic-absorption spectrophotometry. The 
detection limit for cyanide by this method is 0.1 pg/ml in the n-butyl alcohol extract. Beer’s law is obeyed 
for 0.13-9 pg of CN- per ml of n-butyl alcohol. Several foreign ions do not interfere. 

The determination of cyanide in water is important 
in monitoring water quality. The methods usually 
used for determination of trace cyanide in water 
include colorimetry,‘-6 potentiometry with ion- 
selective electrodes,‘*’ etc. The standard method is 
calorimetry, but it involves preseparation and use of 
a carcinogenic reagent (benzidine). 

Considerable effort has been devoted to devel- 
opment of rapid and simple methods for deter- 
mination of cyanide in water. Indirect determination 
of cyanide in water by atomic-absorption spec- 
trophotometry (AAS) was developed several years 
ago. 9,‘o Danchik proposed two methods, one in- 
volving formation and extraction of the cyanide 
ion-association complex with tris( 1, IO-phenan- 
throline) iron(I1) and the other the formation and 
removal of a precipitate of silver cyanide. In the first 
method iron is determined in the extract, and in the 
second the excess of silver is measured. 

In this paper a rapid and simple AAS method for 
determination of cyanide in water is proposed, based 
on the following principle. In alkaline solution, 
cyanide and palladium form a stable tetracyano- 
palladate(I1) complex with m-phenoxyphenyl- 
methyltriethylammonium ions, extractable into n- 
butyl alcohol. n-Butyl alcohol has a low background 
absorbance in an air-acetylene flame, so palladium 
in the extract can be determined directly and accu- 
rately by flame AAS. The amount of Pd is related to 
the concentration of cyanide in the water sample. 
Various foreign ions do not interfere. 

The method is highly sensitive and convenient, and 
can be used for routine determination of cyanide in 
water. 

Reagents 
EXPERIMENTAL 

Palladium chloride stock solution (Pd 1 mglml). Prepared 

by dissolving palladium chloride in concentrated hydro- 
chloric acid, almost neutralizing with sodium hydroxide and 
diluting to the requisite volume. Dilute lOO-fold with demin- 
eralized water to give a 10 pg/ml working palladium 
solution. 

Stock cyanide solution (100 pg/ml). Dissolve 0.125 g of 
potassium cyanide in water and dilute to volume in a 500-ml 
standard flask. Dilute 1 ml of this stock solution and 2 drops 
of 1M sodium hydroxide to volume in a IOO-ml standard 
flask with demineralized water to obtain the working stan- 
dard (1 pg/ml). 

Buffer solution. Adjust 500 ml of 1M ammonium chloride 
with concentrated ammonia solution to pH 9.5 (pH-meter 
control). 

General procedure 

To a 60-ml separatory funnel add the following solutions 
in the order given: 1 ml of IO-yg/ml Pd*+ solution, 3 ml of 
water sample containing c9 pg of cyanide (for the blank 
solution used 3 ml of demineralized water), 1 ml of pH-9.5 
ammonia-ammonium chloride buffer, 0.1 ml of 40°% aque- 
ous solution of m-phenoxyphenylmethyltriethylammonium 
chloride and 1 ml of n-butyl alcohol. The total volume of 
the aqueous solution is about 5 ml. Shake the funnel for 1 
min, then let it stand for several minutes. Separate the water 
phase and aspirate the organic phase into the air-acetylene 
flame, under the following conditions: 

Wavelength: 
Pd lamp current: 
Band-pass: 
Air: 
Acetylene: 

2476 A 
15 mA 
3.3 A 
6.5 I./min 
1.2 l./min 

RESULTS AND DISCUSSION 

Composition of the complex anion 

It is known that in alkaline solution the complex 
anions Pd(CN)$- and Pd,(CN):- may be formed.” 
To find the molar ratio of CN- to Pd*+ in the 
complex formed under the experimental conditions, 
the general procedure was applied to a series of 
solutions with fixed cyanide concentration and in- 
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G I I 1 I I I I I 

a 0 2 4 6 B IO 12 14 

Pd (Fg) 

Fig. 1. Mole ratio between CN- and Pd2+ in the CN-Pd 
complex (5.0 pg of CN- taken). 

creasing palladium concentration. Figure 1 shows 
that the mole ratio was nearly 3.8, in reasonable 
agreement with the expected value of 4. Therefore the 
species extracted is presumably: 

Eflect of pH 

The pH of the solution strongly affects the for- 
mation and extraction of the ion-association com- 
plex. Figure 2 shows that the degree of extraction is 
constant and maximal over the pH range 9.0-10.5. 

Effect of amount of counter-ion 

Increasing the concentration of m-phenoxy- 
phenylmethyltriethylammonium chloride in the 
aqueous phase increases the absorbance of both 
the sample and the blank solution, but the net 
absorbance of the sample remains constant when the 
volume of 40% counter-ion reagent solution added is 
0.060.20 ml, so a volume of 0.1 ml is recommended 
(Fig. 3). 

Calibration graph, detection limit and precision 

The calibration graph was linear from 0.13 to 9 pg 
of cyanide per ml of organic phase, and the detection 

0 6 7 8 9 IO II 12 

PH 

Fig. 2. Effect of pH. 

limit 0.10 pg of cyanide in the organic phase. The 
relative standard deviation for 10 determinations of 
2.5 pg of cyanide was 2%. 

Recovery and eficiency of extraction 

Apparent recoveries of 90-l 10% were obtained for 
the determination of cyanide in five water samples 
spiked with 3 and 5 pg of cyanide (Table 1). Four 
analyses of a solution of known cyanide concen- 
tration indicated that the extraction efficiency was 
> 90%. 

a 0 0.04 0.06 0.12 0.16 0.20 

40% m-PHENOXYPHENYL- 

METHYLTRIETHYLAMMONIUM CHLORIDE 

(ml 1 

Fig. 3. Effect of amount of counter-ion reagent. (a) Stan- 
dard solution; (b) blank solution. 

Table 1. Recovery of cyanide (5 determinations) 

Sample 
Sample CN- added, CN- found, Recovery, 

taken, ml Pg M % 

Industrial 
waste water (1) 

Industrial 
waste water (2) 

Industrial 
waste water (3) 

Huang Pu 
river water 

Laboratory 
waste water 

3 0 
1.5 
3.0 

1 0 
3.0 
5.0 

0.5 0 
5.0 

10.0 
3 0 

3.0 
5.0 

3 0 
3.0 
5.0 

0.43 
1.80 
3.25 
9.20 
12.5 
14.0 
0.31 
4.80 
9.90 
0.33 
3.45 
5.84 
0.69 
3.90 
5.85 

91 
94 

110 
96 

90 
96 

104 
110 

107 
103 



Table 2. Effect of foreign ions on determination of 2.5 yg Table 3. Results for determination of CN- in water 
of cyanide 

Foreign Added, CN- found, Error, 
Found*, R.S.D., 

ion 
Sample ngglml % 

peg UR % 
Industrial waste water 

Ca2+ 100 2.60 +4 (before treatment) 0.63 13 
Mg*+ 100 2.53 +1 Industrial waste water 
Ai’+ 50 2.53 +1 0.18 17 
Zn2+ 

(after treatment) 
100 2.41 -4 0.11 19 

Cd2+ 
Huang Pu river water 

100 2.59 +4 Laboratory waste water 0.21 17 
Mn*+ 100 2.50 - 
cu2+ 10* 2.56 +2 *Mean of 6 determinations. 

cl.?+ 5 2.45 -2 

;;:: 
50 2.61 +4 
50 2.53 +1 The interference of Cu2+ and M2+, which also form 

Au’+ 10 2.60 f4 
Pb*+ 50 2.04 -18 

cyanide complexes, can be reduced by addition of 

Pb’+ 20 2.53 +1 
EDTA. 

Hg2+ 5 1.71 -32 
Hg2+ 2.5 2.53 fl 

Determination of cyanide in water samples 

Ag+ 5 2.28 -9 Various water samples were analysed by the pro- 
Ag+ 2.5 2.47 -1 
Ni2+ 10* 2.46 

posed method. The results are shown in Table 3. 
-2 

Ni2+ 5 0.65 -74 
NiZ+ 2.5 2.45 -2 Acknowledgement-We are very grateful to Professor Hu 
NO; 500 2.50 - Chao-Sheng for his enthusiastic help in finishing this work. 
NO; 100 2.35 -6 
so:- 1000 2.50 - REFERENCES 
PO:- 500 2.53 +1 
Borate 100 2.45 -2 1. L. S. Bark and H. G. Higson, Analyst, 1963, 88, 751. 

co:- 100 2.43 -3 2. W. N. Aldridge, ibid., 1944, 69, 262. 

I- 1000 2.44 -2 3. J. Evstein. Anal. Chem.. 1947. 19. 272. 
Br- 500 2.37 -5 4. E. Asmus. and H. Garkhagen, Z: Anal. Chem., 1953, 

S- 50 2.53 -1 138, 414. 
Oxalate 50 2.51 +1 5. K. Ishii, T. Iwamoto and K. Yamanishi, Bunseki Ka- 

Acetate 100 2.40 -4 gaku, 1973, 22, 448. 

Tartrate 100 2.60 +4 6. A. Watanabe, I. Ito and A. Hirakoba, ibid., 1977, 26, 
Citrate 100 2.50 - 505. 

Ascorbic acid 100 2.40 -4 7. J. Vesely, D. Weiss and K. Stulik, Analysis With 

EDTA 100 2.59 +4 Ion-Selective Electrodes, Horwood, Chichester, 1978. 

Aniline 100 2.40 -4 8. M. S. Frant. J. W. Ross. Jr. and J. H. Riseman. Anal. 

Phenol 100 2.50 - Chem., 1972, 44, 2227. 

Nitrobenzene 100 2.50 - 9. G. F. Kirkbright and H. N. Johnson, Talanta, 1973,20, 
442. 

*After addition of 100 pg of EDTA. 10. R. S. Danchik and D. F. Boltz, Anal. Chim. Acta, 1970, 
49, 567. 

Effect of foreign ions 11. J. C. Bailar, H. J. Emeleus, R. Nyholm and A. F. 

The effect of various ions was examined (Table 2). 
Trotman-Dickenson, Comprehensive Inorganic Chem- 
istry, Vol. 3, p. 1284. Pergamon Press, Oxford, 1973. 
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DOSAGE DE DERIVES DE L’ACIDE PHENYLPROPIONIQUE 

A ACTIVITE PHARMACOLOGIQUE PAR TITRAGE 
COULOMETRIQUE 

G. KANOUTE, E. NIVAUD,* B. PAULET et P. BOUCLY 
Laboratoire de Chimie Analytique et d’Electrochimie Organiques, Centre d’etudes pharmaceutiques, 

Universite de Paris-Sud, rue J. B. Clement, 92290 Chatenay-Malabry, France 

(ReCu le 8 juillet 1983. Accept6 le 10 aolit 1983) 

Rkaum&L’Clectrolyse a intensite constante dans un milieu eau-kthanol permet de generer a la cathode 
les bases fortes ethylate et hydroxyle. Les derives de l’acide phenyl-2 propionique se reduisant uniquement 
par attaque du proton carboxylique peuvent etre doses par coulomitrie avec indication potentiomdtrique 
ou conductimetrique de la fin d’electrolyse. 

En milieu neutre dans l’tthanol, les derives de l’acide 
phtnyl-2 propionique: Ibuprofene, Naproxene, Pir- 
profene et Acide protizinique (Tableau 1) sont reduc- 
tibles a une electrode de mercure ou a une electrode 
de platine, en une seule &tape, monoelectronique. 

En milieu basique, l’intensite limite des courants de 
diffusion diminue proportionnellement a la quantitt 
de base forte ajoutee; elle disparait lorsqu’un tquiva- 
lent de base est introduit. La reduction de la fonction 
carboxylique conduit a la formation de I’anion corre- 
spondant avec depart d’un hydrogene radicalaire.’ 

Nous proposons dans ce mimoire un dosage par 
coulometrie a intensite imposee avec detection con- 
ductimttrique ou potentiometrique du point tquiva- 
lent apres generation de bases fortes in situ, dans un 
melange ithanokau (4: 1 v/v). 

PARTIE EXPERIMENTALE 

Rkactifs 

Soluwnfs. L’eau bidistillee, utiliske dans la proportion de 
20% v/v, permet d’obtenir la reduction du solvant a des 
potentiels moins negatifs, tliminant I’bventualiti: dune re- 
duction de l’electrolyte support. L’ethanol est distill& sur 
magnesium selon la mtthode de Lund et Bjerrum.2 Sa 
neutraliti. a la phenolphtaldine est vkifiee. 

Electrolyte ind@rent. Le perchlorate de lithium pour 
analyses est purifie par recristallisation dans l’ethanol. 

Prod&s ktudih. Ibuprofene, Naproxtne, Pirprofene et 
Acide protizinique sont desskchts sous vide partiel a 25-30” 
en presence d’anhydride phosphorique. 

Appareillage et conditions ophatoires (Fig. I) 

L’tlectrolyse a intensite impost de 50 mA, est effectuee ii 
l’aide dun chronoamptrostat Tacussel type CEAMD 6, 
dans 2 compartiments s&parts par un pont d’agar-agar afin 
d’biter la reaction des protons due a l’oxydation de l’eau 
a I’anode. Dans le compartiment cathodique contenant la 
solution a doser plongent une electrode de platine indi- 

*Auteur pour correspondance. 

catrice et, soit une electrode de verre relide a un milli- 
voltmitre, soit une cellule conductimetrique reliee a un 
resistivimttre. Dans le compartiment anodique plonge une 
electrode de platine auxiliaire. 

Un millivoltmetre Metrohm E 516 et une electrode de 
verre combinee a une electrode au calomel sont utilises pour 
la detection potentiometrique. 

Un conductimetre Tacussel type CD 7 N et une cellule 
conductimetrique sont utilises pour la detection conduc- 
timetrique. 

Les variations de potentiel ou de conductance sont en- 
registrees sur un graphispot Sefram type GRVA 5. 

Les mesures sont realisees sur des quantitirs voisines de 
50mg dissoutes dans SOml de solvant contenant du 
perchlorate de lithium a la concentration 0,l M. Les solu- 
tions sont privkes d’oxygbne par barbotage dun courant 
d’azote pendant 10 min. La quantitb d’blectricite necessaire 
a la transformation totale dune prise d’essai p (mg) de 
substance, de poids moleculaire M, etant &ale au produit 
du temps t (WC) par l’intensite A (mA), la quantitb obtenue 
(%) est donnte par 100 AtM/96487p. 

Tableau 1 

Ibuprofene 
y-s 
CH-COOH 

Naproxtne 

144 



SHORT COMMUNICATIONS 145 

I CHRONOAMPEROSTAT 

Electrode de Pt pont d’agar - agar 
t 

Electrode de Pt 

tiClO Id’M ILKlO + produit d doscr 

ANODE CATHODE 

I ENREGISTREUR 

Fig. 1. Schkrna de montage. 

PRINCIPE 

La mkthode coulomktrique mise en oeuvre consiste B 
imposer dans un circuit d’klectrolyse ddnt les compartiments 
anodique et cathodique sont s&parks, une intensitk mainte- 
nue constante B l’aide d’un montage intensitostatique. Lors- 
que le bilan de toutes les r&actions chimiques ou tlectro- 
chimiques possibles aboutit g la transformation d’un seul 
composi, il existe selon la loi de Faraday, la relation: 

Q = mnF/M 

oti m = masse d’un produit de poids molkculaire M, 
n = nombre d’klectrons tchangks par mokcule, F = faraday. 

Pour pouvoir utiliser cette relation g des fins analytiques 
quantitatives il est obligatoire de mesurer avec prkision, en 
fonction du courant impod, le temps ntcessaire pour at- 
teindre le terme de la r&action. 

Les diffirentes rkactions k.lectrochimiques susceptibles 
d’intervenir B une 6lectrode de platine correspondent B la 
r&duction des molkcules d’eau, des moldcules d’kthanol et 
des moldcules d’acides phknylpropioniques: 

H,O+e-*OH- +W 

C,H,OH + e-+C,H,O- + H. 

CH, CH, 

Ar--b-COOH + e-+Ar-_dH-COO - + fi 

La rkduction Blectrochimique des molkcules d’eau et 
d’kthanol aboutit dans ce milange de solvant & la formation 
de bases fortes, ions hydroxyle et tthylate, que rkagissent 
chimiquement avec les acides en solution selon les rkactions: 

CH, 

Ar-AH-COOH + OH - 
CH, 

+Ar--61H -COO - + H,O 

A&H -COOH + CZH,O - 
CH, 

+Ar-CH -COO- + C,H,OH 

t 

Electrode verre- calomel ou 

cellule conductimitrique 

Le bilan global r&actions chimiques et irlectrochimiques 
fait ressortir la consommation d’un faraday par molkule 
transformke, la totalitt du courant itant utilisie $ cette fin. 

Dktection du point equivalent 
Deux m&odes sont propoies afin de dktecter le temps 

nkcessaire pour atteindre le point kquivalent: une mithode 
conductimbtrique et une mkthode potentiomttrique. 

Ddtection conductimdtrique. La technique consiste $ mesu- 
rer l’impkdance de la solution entre deux plaques de platine 
platini: entre lesquelles est impose un courant alternatif de 
frkquence convenablement choisie. Par ttalonnage, 
l’impbdance est reliie B la conductance de la solution; la 
conductance (A) est elle-mCme relide $ la concentration 
selon la relation: 

A = K Z lgici 

oi K = constante de cellule, Ii = conductivitt Cquivalente de 
l’ion i en solution, zi = charge de l’ion i, et c, = concentration 
de l’ion i. 

Au tours du titrage, avant le point d’tquivalence, il y a 
formation d’ions phknylpropionate, et aprks le point kquiva- 
lent formation d’ions hydroxyle et kthylate. La conduc- 
tivitk Cquivalente limite des ions hydroxyle &ant nettement 
sufierieure g celle des autres ions, la pente de la droite 
A =f(t) est considkrablement modifike. La courbe rep&- 
sent&e (Fig. 2) prkente une nette cassure au point kquiv- 
alent. 

Ditection potentiomhique. Le point kquivalent peut itre 
kgalement dttectk en suivant l’evolution du pH de la solu- 
tion au tours du titrage. Dans le compartiment cathodique 
de la cellule d’klectrolyse la diffkrence de potentiel entre une 
tlectrode de verre et une blectrode de rkfkrence au calomel 
est mesurke. Avant le point iquivalent, le systkme tampon 
acide phknylpropionique-phknylpropionate impose le pH, 
aprks ce point les bases fortes ~l:lectrog~nCr~es, kthylate et 
hydroxyle sont & l’origine d’une brusque variation de pH. 

RESIJLTATS ET DISCUSSION 

Pour les quatre d&iv&, les rCsultats prksentks 
(Tableau 2) correspondent g une ditection poten- 
tiomktrique. Afin de dkterminer la prhcision de la 
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I 

Temps (set 1 I 
t 

Fig. 2. Courbe conductimetrique de I’Ibuprofene. 

methode nous avons realise cinq mesures par 
ichantillon. Les moyennes, les &cart-types et la dis- 
persion des resultats experimentaux sont rassembles 
(Tableau 3). 

La detection conductimetrique est appliquee a 
1’Ibuprofene (Tableau 4); la comparaison des moy- 
ennes montre que les rtsultats ne sont pas 
significativement differents. 

La methode developpee ici peut ttre appliquee a 
tous les derives posstdant un hydrogene acide dont la 
reduction Clectrochimique conduit uniquement a la 
forme anionique; elle ne s’applique pas aux derives de 
l’acide phenylpropionique qui, posstdant une fonc- 
tion &one (Ketoprofene) conduisent a la forme 
alcool par fixation de deux electrons.3 Ce dernier 
compost peut Ctre dose en voltamperometrie classi- 
que.4 

Tableau 2. Rtsultats obtenus pour le Pirprofene, l’Acide 
protizinique et le Naproxene, avec une detection poten- 

tiometrique 

Echantillon 
Prise d’essai, Temps, Resultats, 

mg set % 

Pirprofene 

Acide 
protizinique 

94,Ol 720,6 100,o 
52,48 403,6 loo,3 
49,85 381,9 99,9 
71,05 544,4 99,9 
7056 539,2 99,7 

6285 380,3 98,9 
85,90 523,8 99,7 
58,61 357,6 99,7 
62,47 380,6 99,6 
84.65 516.0 99.6 

Naproxene 46,60 390,3 99,9 
67,94 569,9 100,l 
42,61 357,6 100,l 
53,73 448,O 99,5 
44.45 372.0 99,2 

Tableau 3. Moyenne, kcart type et limite de confiance 

Moyenne, Ecart type, Dispersion, 
% % % 

Pirprofene* 99,95 0,20 0,30 
Acide protizinique* 99,48 0,30 0.41 
Naproxtne* 99,76 0,37 0,47 
Ibuprofene* 99,86 0,187 0,23 
Ibuprofenet 99,88 0,365 0,50 

*Potentiomirtrie. 
tConductimttrie. 

Tableau 4. Resultats obtenus pour l’Ibuprofene par de- 
tection potentiometrique et conductimttrie 

Prise d’essai, Temps, Resultats, 
Detection w see % 

Potentiometrie 89,50 837,5 100,o 
89,27 833,l 99,7 
91,86 860,9 loo,2 
55,86 521,2 99,7 
58,49 545,6 99,7 

Conductimetrie 51 474,2 99,4 
51 479,0 loo,4 
51 476,6 99,9 
51 478,O loo,2 
51 475.3 99.6 

Conclusion 

L’electrolyse a intensitt constante permet de gene- 
rer in situ le rtactif titrant; il en resulte un gain de 
temps et une reproductibilite qui conferent a cette 
mithode des possibilitts d’automatisation. 

Ces avantages la designent par consequent comme 
une mtthode de choix dans le controle analytique de 
certaines matieres premieres pharmaceutiques. Appli- 
q&e aux derives de l’acide phenylpropionique ne 
posstdant pas de fonction carbonylee elle donne, 
quelle que soit la detection, une dispersion des ri- 
sultats inferieure a 0,5x. 
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Sununnry-Generation of ethoxide and hydroxide ions in aqueous ethanolic medium by controlled- 
current electrolysis is suggested for coulometric titration of 2-phenylpropionic acid derivatives. The 
electroreduction of the carboxylic hydrogen atom leads to the anion by elimination of a hydrogen radical. 
Potentiometric or conductimetric methods can be used for detection of the end-point. 
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DETERMINATION BY HPLC OF TRIFLUOROACETATE 
LEVELS IN PLASMA AND URINE OF PATIENTS 

ANAESTHETIZED WITH HALOTHANE 

M. IMBENOTTE, A. BRICE, F. ERB* and J. M. HAGIJENOER 
(with the technical assistance of M. C. JACQUEMONT and P. COLEIN) 

Laboratoires de Toxicologic, Hydrologie et Hygiene, Facultk de Pharmacie, Rue du Professeur Laguesse, 
59045 Lille, France 

(Received 11 May 1983. Accepted 3 August 1983) 

Summary-A new method is described for determination of trifluoroacetic acid (TFA) in biological fluids. 
Optimum extraction is achieved by addition of l&crown-6 ether and acidification of the sample. The 
4-bromomethyl-7-methoxycoumarin derivatives of the carboxylic acid are prepared and a sample is 
subjected to HPLC. A linear analytical curve of peak area against TFA concentrations ranging between 
0.2 and 20 pg/ml is obtained, and the minimum detectable concentration is estimated to be 0.1 pg/ml. 

Halothane (2-bromo-2-chloro- 1 , 1 , 1-trifluoroethane) 
is an important volatile anaesthetic currently used at 
concentrations ranging from 0.5 to 3% v/v. The 
previous publications on the determination of one of 
its metabolites, trifluoroacetic acid (TFA), deal with 
gas chromatographic methods.14 We attempted di- 
rect measurement of TFA levels in biological samples 
by the head-space method, because of the high vol- 
atility of TFA, but without success. The usual meth- 
ods of derivative formation to lower the volatility, 
and hence reduce losses, were then applied. The main 
problem is the high solubility of TFA in aqueous 
media, which makes its extraction from biological 
fluids difficult. Most of the derivatives used cannot be 
made in aqueous media and therefore attempts were 
made to dehydrate biological samples by lyophiliz- 
ation or drying with sodium sulphate, followed by 
derivative formation by esterification or reaction with 
alkylating agents. Methylation with methanol-boron 
trifluoride mixture and methyl sulphate, followed by 
esterification with trichloroethanol (TCE) was tried, 
by analogy with the determination of trichloroacetic 
acid.’ However, even with use of the head-space 
method, no peak was observed which could be as- 
signed to the ester. Attempts were made to prepare 
this ester from pure TFA, its anhydride and TCE, but 
it could not be detected with sufficient sensitivity by 
gas chromatography. Alkylation with pentafluoro- 
benzyl bromide and tetrabutylammonium hydrogen 
sulphate in methylene chloride6 was also un- 
successful. Gas chromatographic methods were 
therefore abandoned and it was decided to apply 
HPLC to the determination of TFA in biological 
samples. 

The purpose of this study was to determine TFA 

*Author to whom correspondence is to be addressed 

in the plasma and urine of patients anaesthetized with 
halothane, by HPLC of the 4-bromomethyl- 
7-methoxycoumarin derivative. 

EXPERIMENTAL 

Apparatus 

The chromatography system consisted of a Varian model 
5000 equipped with a Vari-chrom ultraviolet detector set at 
320 nm, and a Varian Fluorichrom fluorescence detector. A 
330 I excitation filter and a 3-74 emission filter with a 
wavelength cut-off at 385 nm were selected because of the 
fluorescence characteristics of the 4-bromomethyl- 
7-methoxycoumarin ester of TFA. The column (300 mm x 
6 mm bore) was packed with RP 18 phase (10 pm). 

Reagents 

The HPLC solvents were Merck methanol and ultrapure 
water. Fluka 4-bromomethyl-7-methoxycoumarin, “Pes- 
tipur” acetone and Merck 18-crown-6 ether were used. 

Chromatographic conditions 

The mobile phase was a 60:40 v/v mixture of methanol 
and water, used at a flow-rate of 1 ml/min under isocratic 
conditions. The solvents were filtered and degassed before 
use. The temperature was 20” and the pressure 80 bar. The 
volume injected was 50 ~1 and the detector sensitivities were 
set at 0.05 absorbance units for ultraviolet detection and 10 
units for fluorescence detection, for full-scale deflection. 

RESULTS AND DISCUSSION 

The 4-bromomethyl-7-methoxycoumarin ester of 
TFA was prepared according to the general pro- 
cedure of Diinges’ and its retention time (4.1 min) 
determined. 

In order to extract the maximum amount of 
trifluoroacetate from the plasma and urine of patients 
anaesthetized with halothane, 250 ~1 of a 0.007M 
solution of l&crown-6 ether in acetonitrile are added 
to the sample (0.5 ml). The proteins are precipitated 
but the trifluoroacetate is expected to remain in 
solution, as an ion-pair with the crown-ether com- 
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Fig. 1. a, Chromatogram of plasma containing TFA*; b, chromatogram of plasma blank. Both with 
ultraviolet and fluorescence detection. 

plexes of the sodium and potassium ions present. 
Acidification with 100 ~1 of 5M hydrochloric acid 
then leads to formation of undissociated 
trifluoroacetic acid. Addition of 10 ml of dry acetone 
results in a single liquid phase which can be recovered 
by centrifugation (10 min at 2000 rpm) and contains 
only the molecular form CF&02H (because of sol- 
vation phenomena and the low dielectric constant). 
The general procedure for making the 
4-bromomethyl-7-methoxycoumarin derivative of a 
carboxylic acid is then applied (treatment with 500 ~1 
of a 0.004M acetone solution of the reagent and 2 mg 
of potassium carbonate for 30 min in a tube protected 
from light by being wrapped in aluminium foil). The 
resulting solution is evaporated, the residue dissolved 
in the solvent system and a sample chromatographed. 
A representative chromatogram is shown in Fig. la. 
In order to check that no interference is caused by 
other components of the plasma and urine, a blank 
test is performed with samples obtained just before 
the anaesthesia. A typical chromatogram is shown in 
Fig. lb. 

The optimal conditions for ultraviolet and 
fluorescence detection are achieved with the solvent 
system methanol-water (60:40 v/v). There is no 
interference and the elution times are 4.1 min for 
the coumarin ester and about 10 min for the 

(a) 

!OO 250 300 330 

(b) 

z R 

5 
Y 
5 
-I 

E 

rJ 

I 

200 250 300 350 

ABSORPTION WAVELENGTH I nm) 

Fig. 2. Ultraviolet absorption spectra in methanol, of a, 
4-bromomethyl-7-methoxycoumarin; b, its trifluoroacetate 

ester. 
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reaction by-products. The ultraviolet absorption Acknowledgements-The authors wish to thank M.-C. 
spectra of methanolic solutions of 4-bromomethyl- Jacquemont and P. Colein for technical assistance. 

~methoxycoumarin and its trifluoroacetate ester are 
shown in Fig. 2. The wavelength used for ultraviolet 
detection (320 nm) is that at which the absorbance 
due to the coumarin ester is maximal in the solvent 
system used. 

The area under the chromatographic peak is a 1. 
linear function of the TFA concentration over the 
range 0.2-20 pg/ml. The precision is good, as shown 2. 

by the regression coefficient of 0.997. Moreover the 3. 
slope (4.17 mm2.ml.pg-‘) shows the sensitivity is 
good, the minimum detectable concentration being 4. 
0.1 pg/ml. The reproducibility is also good. This 
method is therefore appropriate for the deter- 

5, 

mination of the pharmacokinetic parameters of halo- 6. 
thane. I. 

REFERENCES 

E. N. Cohen, J. R. Trudell, H. N. Edmunds and E. 
Watson, Anesthesiology, 1915, 43, 392. 
D. Karashima, A. Shigematsu, T. Furukawa, T. Nag- 
ayoshi and I. Matsumoto, J. Chromatog., 1977, 130,77. 
R. M. Maiorino, A. J. Gandolfi and I. G. Sipes, J. Anal. 
Toxicol., 1980, 4, 250. 
J. B. Bentley, R. W. Vaughan, A. J. Gandolfi and K. C. 
Cork, Anesthesiolonv. 1982. 57. 94. 
L. Witte, H. Nau zncl J. H. Fuhrhop, J. Chromatog., 
1977, 143, 329. 
0. Gylledhaal and H. Ehrsson, ibid., 1975, 107, 327. 
W. Diinges, Anal. Chem., 1977, 49, 442. 



Talanra, Vol. 31, No. 2, pp. 15&152, 1984 0039-9140/84 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1984 Pergamon Press Ltd 

APPLICATION OF MATRIX-MODIFICATION IN 
DETERMINATION OF THALLIUM IN WASTE 

WATER BY GRAPHITE-FURNACE 
ATOMIC-ABSORPTION SPECTROMETRY 
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(Received 8 April 1983. Accepted 20 June 1983) 

Summary-A method has been developed for the determination of thallium in waste water at the ng/ml 
level by graphite-furnace atomic-absorption spectrometry. If microgram amounts of palladium or 
platinum are used as a matrix modifier, the ashing temperature for thallium can be raised to lOoo”, and 
the interference of halides and mineral acids is greatly reduced. The relative standard deviation found was 
2% (9 replicate determinations) at the I-rig/ml thallium level, and the detection limit 1 ng/ml. 

Severe interference effects are encountered in the 
determination of thallium by graphite-furnace 
atomic-absorption spectrometry in the presence of 
halide, because the atomization temperature for thal- 
lium is lower than that required to remove halide in 
the ashing step, so large concentrations of halide are 
present in the vapour phase during the atomization 
step, and produce interference. Fuller’ found that the 
absorbance for a OS-pg/ml thallium solution in a 
Perkin-Elmer HGA-70 was seriously suppressed by 
0.01% v/v levels of hydrochloric acid and perchloric 
acid but there was negligible interference by a mixture 
of nitric acid and sulphuric acid. He also reported 
that as little as 0.2 pg of sodium chloride completely 
suppressed the thallium absorbance and that the 
presence of sulphuric acid could reduce this inter- 
ference. 

Many efforts have been made to reduce or elimi- 
nate the interference effects in thallium deter- 
mination. Manning et al. used a tungsten wire’ and 
the L’vov platform3 at constant temperature for the 
determination of thallium in the presence of halide. 
With the platform, no interference was found with 
concentrations of less than 0.01% MgCl* and 0.05% 
NaCl, whereas much smaller amounts of halide inter- 
fered with atomization at the graphite tube wall. 
Kujirai et al! described a method for the deter- 
mination of thallium in nickel and cobalt alloys. It 
was found that tartaric acid and sulphuric acid 
permitted a higher ashing temperature of 600”. They 
therefore dissolved the alloys with hydrofluoric acid, 
sulphuric acid and hydrogen peroxide and used 
matrix-matched standards. However, the deter- 
mination of thallium in complex matrices is still a 
difficult task, and it seems that a separation or 
preconcentration procedure is indispensable. The sol- 
vent extraction of thallium with diethyl- 
dithiocarbamate,’ Brilliant Green6 and hydrogen 
bromide’ has been reported and applied for the 
separation of thallium in geological samples. There 

are also a few reports on the separation and precon- 
centration of thallium by a volatilization technique’ 
or by adsorption on an activated carbon filter after 
complexation of the thallium with 0,0-diethyl 
dithiophosphate? 

The present study describes the application of 
palladium or platinum in microgram amounts as a 
matrix-modifier for the direct determination of thal- 
lium at ng/ml levels in waste water. In the presence 
of palladium or platinum the ashing temperature for 
thallium can be raised to 1000” to decompose halides 
and thus minimize the interference effects and allow 
the direct determination of thallium, down to 
1-ng/ml. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 4000 atomic-absorption spec- 
trometer fitted with a model HGA-400 graphite furnace and 
a Hitachi model 056 chart-recorder was used for the mea- 
surement of thallium absorbance at the 276.8-nm resonance 
line under “argon stop” conditions. A thallium hollow- 
cathode lamp was used, operated at 10 mA. The band-width 
was set at 0.7nm. A deuterium background corrector was 
employed throughout. A 20-~1 Eppendorf pipette with 
disposable polypropylene tips was used to introduce sample 
solution into the graphite tube. 

Reagents 

Standard thallium solution, 1000 fig/ml, was prepared by 
dissolving 0.1147 g of thallium carbonate (analytical-reagent 
grade) in 10 ml of nitric acid (1 + 1) and diluting to volume 
in a lOO-ml standard flask with demineralized water. Work- 
ing thallium standards were prepared from this stock solu- 
tion by serial dilution with demineralized water. The pal- 
ladium and platinum solutions were prepared from 
palladium chloride and platinum chloride (analytical- 
reagent grade). 

Procedure 

All waste water samples were stored in polyethylene 
bottles and refrigerated at 4”. Equal volumes (20 pl) of 
waste water and 150~ng/ml aqueous palladium solution 
were introduced into the graphite furnace. The temperature 
program was drying at 110” for 30 set, ashing at 1000” for 
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Fig. 1. Effect of ashing and atomization temperature on the 
absorbance of thallium in the presence or absence of matrix 
modifiers. Left-hand branches: ashing temperature varied, 
atomization temperature optimal. Right-hand branches: 
atomization temperature varied, ashing temperature opti- 
mal. (0) 1.0 ng of TI in O.OlM HNO,. (0) 1.0 ng of Tl + 3 

pg of Pt. (A) 1.0 ng of Tl+ 3 pg of Pd. 

30 set, atomizing at 1800” for 5 set and cleaning at 2600” 
for 5 sec. The internal argon flow was interrupted during 
atomization. The concentration of thallium was determined 
in the waste water by the standard addition method. Waste 
water samples containing higher amounts of thallium were 

0.30 8 /------•- 
z 
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Fig. 2. Dependence of thallium absorbances on palladium 
concentrations: 1 .O ng of TI + 20 ~1 of palladium solution. 

diluted further with demineralized water. A wet digestion 
procedure was used for some samples containing higher 
levels of organic compounds which interfere with the deter- 
mination of thallium, even with matrix modification. In this, 
20 ml of waste water, in a SO-ml beaker, were evaporated to 
small volume by heating on a hot-plate, then treated with 
0.5 ml of concentrated nitric acid and reheated until the 
yellow colour disappeared, then cooled to room temperature 
and diluted with O.OlM nitric acid before thallium was 
determined by the recommended procedure. 

Table 1. Comparison of interference effects in determination of 1 ng of TI in the presence 
and absence of 4 ue of Pd 

0.005 
0.02 

MsCI, 0.2 
0.8 
1.0 

CaCl, 

Compound added 

NaCl 

Concentration 
of added compound* 

0.002 
0.005 
0.01 
0.5 
1.0 
2.0 
4.0 

0.005 
0.05 
1.0 
2.0 
3.0 

0.0001 
0.001 

KI 0.2 
0.5 
1.0 

0.003 

Relative absorbance 
of thallium 

Without Pd 

0.85 
0.73 
0.63 

With Pd 

1.10 
1.10 
1 .oo 
1.05 

0.97 
0.33 

0.98 
0.94 
0.90 

0.68 
0.61 

0.96 
0.95 
0.84 

0.85 
0.35 

0.95 
0.90 
0.88 

0.88 

Na,SO, 
0.15 0.33 0.96 
0.4 0.9n 
0.5 0.84 

0.001 0.66 1.00 
HCl 0.01 0.50 0.98 

0.05 0.88 

0.001 0.70 
HClO, 0.01 0.14 1.01 

0.05 0.71 

2.0 1 .oo 
HNO, 4.0 1.09 

8.0 0.76 

‘Salts in mg/ml, acids in ‘A v/v (referred to concentrated acid). 

0.96 
0.98 
1.00 
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Table 2. Recovery of thallium from waste water sarnptes 

Tl Total TI 
TI concentration, added, found, Recovery, 

Sample ww nglml nglml % 

0 1.4 
2.0 3.5 105 

1 1.4 4.0 5.5 105 
6.0 1.4 100 
8.0 9.1 96 

0 8.5 
5.0 13.1 92 

2 8.5 
10 18.1 96 
15 24.0 103 
20 21.1 96 
30 38.2 99 

RESULTS AND DISCUSSION 

Stabilizing eflects of palladium and platinum 

Thallium is one of the relatively volatile elements, 
so a certain loss may occur during the preatomization 
steps, and the loss during ashing will increase with 
temperature and time. A search for suitable matrix 
modifiers was made and it was found that in the 
presence of palladium or platinum, the critical ashing 
temperature for thallium can be raised to 1000”. The 
results are schematically shown in Fig. 1. Palladium 
not only raises the critical ashing temperature more 
than platinum does, but also increases the sensitivity 
for thallium, and was therefore used in the remainder 
of this study. 

The stabilizing effect of palladium depends on its 
concentration (Fig. 2). Because palladium can also 
stabilize mercury,” tellurium,” lead’* and arsenicI 
some competing reactions may occur if these ele- 
ments are also present in the heated graphite tube, 
and a certain amount of palladium will be consumed 
in stabilizing these elements, so a volume of 20 ~1 of 
150+gg/ml aqueous palladium solution was used for 
sample analysis (but any concentration in the range 
lo&200 pg/ml will do). 

Effect of halides and recovery of thallium 

The interference of halides in the thallium deter- 
mination was studied with and without palladium 
present. The absorbance data were referred to the 
values obtained for a pure solution, and are sum- 
marized in Table 1. No interference was observed for 
the determination of thallium (at the 50-ng/ml level) 
from concentrations of 4mg/ml for NaCl, 1 mg/ml 
for MgCl, or KI, 2 mg/ml for CaCl,, 0.4 mg/ml for 

Na,SO,, and 0.05% v/v HCl, 0.01% v/v HClO, and 
8% v/v HN03 when palladium was used as matrix 
modifier, but the tolerance level was much lower in 
the absence of palladium. In contrast to the sup- 
pression effect of sodium chloride reported in the 
literature, a certain enhancement was observed if 
palladium was used as matrix modifier. 

If waste water was introduced into the heated 
graphite furnace without matrix modification no 
thallium could be detected, even with a standard 
thallium solution also directly injected. However, 
direct determination of thallium in waste water is 
practicable and recovery quantitative if palladium is 
added. As can be seen from Table 2, the recovery was 
found to be 92-105x. 

Determination of thallium in waste water 

Although no serious interferences were observed 
and quantitative recovery was obtained when matrix 
modification was used, the standard-addition method 
is recommended for the analysis of waste water 
samples to prevent unpredictable interferences arising 
from the extreme complexity of industrial effluents. 

The relative standard deviation was found to be 2% 
for 9 replicate determinations for a waste water with 
a thallium concentration of 8 ng/ml. The detection 
limit was found to be 1 ng/ml (three times the 
standard deviation for the blank) if a volume of 20 
~1 was injected. 
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Summary-The formation of complexes between palladium(H) and triethylenetetraminehexa-acetic acid 
(TTHA, H,L) was studied by measuring the hydrogen-ion concentration with a glass electrode; 1: 1 and 
2: 1 metal to ligand complexes with different degrees of protonation were observed and the corresponding 
equilibrium constants evaluated. 

Triethylenetetraminehexa-acetic acid (TTHA, abbre- 
viated as H,L) is an aminopolycarboxylic acid exten- 
sively employed for analytical purposes. It has been 
used for complexometric titrations utilizing metal- 
lochromic indicators’ or ion-selective electrodes,*z3 in 
the spectrophotometric4-6 and spectrofluorimetric’ 
determination of some metal ions, and in am- 
perometric titrations.“” 

This complexing agent has ten donor atoms, and 
therefore easily forms polynuclear species with 
several metal ions. Also, the metal complexes can be 
protonated at low pH to form polyprotonated spe- 

In a medium of constant ionic strength, activities can be 
replaced by concentrations,” so the potential of the cell can 
be expressed, in mV, as: 

E=E0+59.1610g[H+]+E, 

where E, is the junction potential (- lOO[H+] mV under our 
experimental conditions) and E” is a constant determined 
(in the absence of the ligand) before and after each set of 
measurements. During the potentiometric titrations a 
stream of purified nitrogen was used to mix the solutions 
and to remove carbon dioxide. 

RESULTS 

ties. 
Metal complexes with TTHA have been studied 

Potentiometric titrations, with sodium hydroxide, 

extensively, but no information has been reported on 
of the ligand alone and when mixed with palladium 

the palladium complex. Therefore, a potentiometric 
in molar ratios 1: 1 and 1: 2 are shown in Fig. 1. 

investigation was made at 25” (0.50M sodium 
For an equimolar mixture of Pd(I1) and TTHA, 

perchlorate medium), to identify the various complex 
two inflection points are evident, corresponding to 5 

species formed in aqueous solution and evaluate the 
and 6 equivalents of sodium hydroxide respectively. 

stability constants. 
These correspond to the reactions: 

Pd*++HL+50H-- 6 - PdHL’- + 5H,O 

EXPERIMENTAL PdHL3- + OH- s PdL4- + H20. 

The TTHA was obtained from Sigma Chemicals and used In addition, beyond the formation of the mono- 
as received. The purity was checked by potentiometric 
titration with sodium hydroxide. The equivalent weight was 

protonated species, in the first buffer region (up to 5 

determined by titration of the ligand in the presence of 
equivalents of base per mole of ligand), poly- 

excess of copper(I1) as described by Bohigian and Martell.12 protonated complexes, PdH,L, may also be formed. 

Palladium perchlorate was prepared from palladium chlo- For the 2: 1 Pd : L mixture a marked lowering of the 
ride (Carlo Erba), by addition of the stoichiometric amount 
of silver perchlorate. 

-log [H+] values is observed and only one inflection 

The ionic strength was adjusted to OSOM with sodium 
point is seen; this corresponds to the equation: 

perchlorate. 2Pd*+ + H 6 L + 60H- - 
Potentiometric measurements were made at 25.0 f 0.1” 

- Pd2L2- + 6H20. 

with glass and reference electrodes immersed in the test Again, protonated complexes can be formed in acidic 
solution. The reference electrode was similar to that de- 
scribed by Forsling et al.” 

medium. 
The stability constant for the 1: 1 complex and that 

Ag, AgCl 1 NaCl, O.OlM; NaClO,, 0.49M 1 NaClO,, OSOM for the 1: 2 complex were initially calculated from the 

The Ag/AgCl electrode was prepared according to BrownI titration data for the mixture of corresponding molar 

and the glass electrode was a Radiometer type G202B, composition. As pointed out by Harju,16 however, 
calibrated in concentration units. binuclear complexes may be present even in equi- 
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Fig. 1. Potentiometric titration curves of TTHA alone 
(curve A) and in the presence of palladium perchlorate in 
molar ratio of 1: 1 (curve B) and 1:2 (curve C). 
C, = 2 x lo-)M; a = moles of sodium hydroxide added per 

mole of ligand. 

molar solutions, so the values thus calculated are 
likely to be incorrect. 

The equilibrium constants found are collected in 
Table 1. 

Therefore, from the analysis of the single curves, 
approximate values for the formation constants were 
derived, and successively refined by considering the 
simultaneous presence of all the species found. The 
approximate values were obtained by the procedure 
of Bohigian and Martell” by using the protonation 
constants of the ligand determined in the same experi- 
mental conditions:” 

1. 
2. 

3. 
4. 

5. 
6. 

log K, = 9.73 log K2 = 8.76 log K3 = 5.92 

log & = 3.94 log K, = 2.75 log KS = 2.30. 

The first values for the formation constants of the 
complexes were used to calculate titration curves, 
which were compared with the experimental curves. 
The value 

7. 

8. 
9. 

10. 

11. 
12. 

(Au)* = @ca,c - a,,,)* 13. 

was computed for each experimental point (a repre- 
sents the degree of neutralization) and the values of 
the constants were varied until the sum of (Au)’ was 
minimized. 

14. 
15. 

The concentrations of the various species in solu- 
tion were calculated by the computer program 

16. 
17. 
18. 

DISDI,” and the value of a,,, was obtained from the 19. 

Table 1. Equilibrium constants for the palladium(IIk 
TTHA complexes 

Equilibrium 

Pd2+ + L6- =PdL4- 
PdL4- + H+=PdHL3- 

PdHL-‘- + H+=PdH2L2- 
PdH2L2- + H+ +PdH,L- 
PdH,L- + H+ +PdH,L 

2Pd2+ + L6- =Pd2L2- 
Pd,L2- + H+$Pd2HL- 

Pd,HL- + H+ =Pd,H,L 

log K 

18.73 
6.92 
2.90 
2.50 
2.45 

27.50 
3.20 
2.0* . L 

Probable errors in log K units: +0.05 (* + 0.1). 

relationship: 

a,,, = (6C, - [H+] + [OH-] - Z i[H,L@-‘j-1 

- ZZ i [PdHiL(4-‘)m] - Z i [pd2HiL(2-0-])/C, 

where C, represents the analytical concentration of 
the ligand and [OH-] = K,/[H+] (pK, = 13.73 under 
our experimental conditions”). 

Also a value of Q was calculated: 

0 = ,,‘(W*/(n, - 4 
where n, is the number of experimental points and nk 
the number of constants. From the Q value ( = 0.11 
in our case) the deviation between experimental and 
calculated points can be evaluated. 
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ANNOTATIONS 

POLAROGRAPHIC STUDY OF SIMPLE AND 
MIXED-LIGAND COMPLEX FORMATION 
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(Received 20 December 1982. Revised 9 May 1983. Accepted 9 September 1983) 

Summary-Theoretical, experimental and statistical aspects of the polarographic method applied to simple 
and mixed-ligand complex formation have been studied. Some misunderstandings and erroneous 
interpretations have been clarified according to experimental results obtained with several systems. A 
criterion for establishing the number of complex species present in a simple system is proposed. For the 
first time the polarographic method has been applied to a mixed-ligand complex system where fourteen 
species co-exist. 

There are numerous applications of the polaro- 
graphic method for the study of complex formation. 
Simple complex formation is studied principally by 

the DeFord and Hume method’ and the Ringbom 
and Erickson method’ (which extends the treatment 
to the study of complexes irreversibly reduced at the 
dropping mercury electrode). Mixed-ligand complex 
formation was first studied by Schaap and 
McMasters3 and pursued by others.“’ Nevertheless, 
several points remain obscure and others require 
definitive correction, because misunderstandings and 
erroneous interpretations have been made. 

In this paper we deal with the experimental, 
theoretical. and statistical aspects of the polaro- 
graphic method, based on results obtained with the 
simple systems copper-acetate, copper-propionate, 
cadmium-acetate, cadmium-propionate,8,9 cad- 

mium-formate, cadmium-iodide and cadmium- 
bromide, and with the mixed-ligand system 
cadmium-bromide-iodide. 

EXPERIMENTAL 

Polarograms were obtained with a manual Sargent polaro- 
graph model III and a precision Leeds & Northrup poten- 
tiometer at a temperature of 25 & O.l”, controlled by a 
Lauda thermostat. Solutions at pH 5.0 with metal-ion con- 
centration of lO-)M and increasing ligand concentrations 
up to 1.5M were used in an H-type cell. The system 
cadmium-bromide-iodide was studied in a cell consisting of 
a tube, containing the dropping mercury electrode (DME) 
and the samule solution. connected to the reference SCE 
through a porous ceramic plug covered by two drops of agar 
gel. as indicated in Fia. 1. In the SCE sodium chloride was 

Y , 

used instead of potas&m chloride to prevent precipitation 
in the perchlorate medium. This cell worked quite well for 
many days, which was confirmed by the fact that the 
reference electrode maintained its potential within 0.2 mV 
(before any change was noticed the agar gel was renewed 

and the SCE potential checked). All measurements were 
made at ionic strength 2.0 (sodium perchlorate). The half- 
wave potentials were reproducible within 0.8 mV. 

RESULTS AND DISCUSSION 

Formation of simple complexes 

The DeFord and Hume treatment of formation of 
simple complexes’ allows calculation of overall sta- 
bility constants through the relationships: 

F, = antilog 
0.435 nF 
RT AE,,, + log ; 

c > 

= I+ fl,[x] + /32pq2 + . . . 

F,- 1 
F, = [xI - = B, + 82[xl+ B3m2 +. . . 

F 
F,.,= “-‘-~N-l=j?N+/?N+,rxl 

[xl 

Fig. 1. Polarographic cell. 
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where p(l is the free ligand concentration, n, F, R and 
T have the same meaning as in the Nernst equation, 
AZ&,, is the difference in the half-wave potential when 
[x] = 0 and when [x] # 0, Z, and Z, are the corre- 
sponding diffusion current constants and the B values 
are the stoichiometric overall stability constants at 
constant ionic strength. The stability constants can be 
calculated graphically by plotting the FN functions vs. 
ligand concentration or numerically by a least- 
squares treatment. We have used the weighted l/F; 
method proposed by Momoki.” 

The question of the number of species present in 
the solution cannot be answered independently by the 
graphical or the numerical methods. Piljac et aZ.” 
have proposed calculating the constants numerically, 
with a previous graphical derivation of the number of 
complexes in solution. Nevertheless it has to be 
pointed out that this derivation is not always un- 
equivocal, especially when three or more species are 
present. As we have stated before,’ F2 (in the case of 
three or more complexes) frequently shows uncertain 
values at low ligand concentrations, because it results 
from the quotient [(F, - l/[x]) - fl,]/[x] and the plot- 
ting of the curve is not always precise. This can 
be seen in Fig. 2 for the cadmium-formate system: if 
the points at low ligand concentrations are dismissed, 
F2 can be considered a straight line; otherwise a curve 
can be plotted, with no constant slope, and in that 
case the function F3 is nearly a straight line and a 
set of four constants is calculated. For the 
cadmium-acetate and cadmium-propionate systems 
the same situation occurs and three or four constants 
can be derived graphically.’ 

Fig. 

0.1 0.3 0.5 

M CXI 

2. F, as a function of ligand concentration for the 
cadmium formate system. 

Piljac has proposed that the calculated stability 
constants have to meet the following conditions: (a) 
all must be positive, (b) the standard error of any 
constant must be lower than the constant itself, (c) 8, 
obtained by the graphical method must agree with 
the numerically obtained constant, within the stan- 
dard error of this method. We think that these 
conditions are necessary but not sufficient and that 
the definitive criterion is that the correct set of 
stability constants is that for which reasonable agree- 
ment for all the constants is obtained by both meth- 
ods. Table 1 gives results obtained under the same 
conditions (ionic strength 2.0, perchlorate medium) 
for several systems. Calculations are made by the 
graphical and the numerical Momoki method. It can 
be seen that the Piljac conditions are generally but 
not always applicable. 

It is possible to predict, according to Filipovic et 
al.‘* three complexes for systems 3, 4 and 5 and two 
complexes for system 9, but for systems 1, 2, 6 and 
10, two sets, with different numbers of constants, can 
equally well be predicted. In these cases, the agree- 
ment between the values of the constants obtained by 
the two methods suggests three complexes for systems 
1, 2 and 6 and two complexes for system 10. This 
criterion is supported by the fact that when the 
graphical method offers no doubt about the number 
of complexes, the numerical method gives values of 
the constants in very good agreement with the graph- 
ical method. 

Figures 3-6 illustrate the graphical treatment of the 
simple systems cadmium-bromide and cadmium- 
iodide. It can be seen that four complexes are formed 
in each case, that F2 cannot be taken as a straight line, 
and that the plot of F3 vs. [x] is an unequivocal 
straight line. Table 1 shows the excellent agreement 
between the stability constants obtained by the meth- 
ods of calculation. 

Three conclusions seem in order regarding the 
calculation of stability constants of simple systems 
from polarographic data. First, all the systems we 

1 96 9.2 6.6 IO 84 0 G 

M CXI 

Fig. 3. Plots of AE (0) and I* ( x ) VS. ligand concentration 
for cadmium-bromide system. 
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Fig. 4. Plots of F, (0) F2 (0) and F, ( x ) us. ligand 
concentration for cadmium-bromide system. 

have studied show that the experimental half-wave 
potential shifts AE,,, and the function F, have to be 
plotted vs. the ligand concentration, and values taken 
from the resulting smooth curve; the numerical or 
graphical processing of the crude polarographic data 
can give quite uncertain results. Secondly, the possi- 
ble uncertainty of the FN values is a consequence of 
the nature of the system, of the polarographic 
method and of the mathematical treatment, and this 
frequently makes useless any effort to improve the 
reproducibility of AE values to better than 0.8 mV. 
Thirdly, a complete graphical treatment followed by 
the numerical calculation seems advisable in any case, 
to be sure about the number of complex species and 
to obtain the statistical errors. 

For the cadmium-bromide and cadmium-iodide 
systems it has been claimed’3-‘5 that adsorption of 
anions by the DME would produce “additional 
complexation” and the apparent stability constants 
obtained would be considerably higher than those 
from other methods. Our results for these systems 
agree satisfactorily with others indicated in the 
literature16 and obtained by other methods (or even 
are lower), so we think that under our experimental 

0.2 0.6 1.0 

M CXI 

10.6 
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hV 
9.2 

64 

Fig. 5. Plots of AE (0) and Id ( x ) US. ligand concentration Fig. 7. Plots of AE vs. iodide concentration at three bro- 
for cadmium-iodide system. mide concentrations for the mixed-ligand system. 
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\- 
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Fig. 6. 

001 003 0.05 007 0.09 

M [Xl 

Plots of F, (O), F2 (0) and F3 ( x ) vs. ligand 
concentration for cadmium-iodide system. 

conditions anion adsorption-if it exists--does not 
produce any noticeable additional complexation and 
hence any noticeable change in the stability con- 
stants. 

Formation of mixed-ligand complexes 

Schaap and McMasters pointed out’ that in a 
system in which two or more ligands are present, 
mixed-ligand complexes should be formed in 
preference to simple complexes whenever 
&,xi[Xli~ fiuujMj. We can say that even purely 
statistical considerations confirm this assertion. 

What is more important in consideration of for- 
mation of mixed-ligand complexes is to emphasize 
that generally there is no polarographic signal to 
show it. The common interpretatione that a further 
shift of the half-wave potential on the addition of a 
second ligand to a simple system is a proof of 
mixed-ligand complex formation is not necessarily 
correct. It merely indicates additional complexing, 
which may be with either the original ligand or the 

180 

60 

o A E “’ YS. I Xl I level 
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additional ligand. The only case in which the shift in 
half-wave potential is a proof of formation of mixed- 
ligand complexes is that in which, at a given concen- 
tration of both ligands, the negative shift of the 
half-wave potential is larger than the shift obtained 
for either of the simple systems at the same metal and 
total ligand concentrations, but this is not the com- 
mon case. 

The formation of mixed-ligand complexes is un- 
equivocally indicated by agreement of the experi- 
mental results with the equations: 

F,(X, Y) = antilog 
0.434 nF 
RT AE,,z + log; 

C > 

=A +Bp]+C[X]2+D[X]3+E[X]4 

where 

A = Boo + &I M + BoAY2 

+ 803[Y13 + Bo4w14 

B = /%I + AIM + B,2K12 + A3M’ 

C = P20 + /321 M + B22W12 

D = B30 + 831 WI 

E’P40 

the & values being the overall stability constants of 
the system (for simple complexes i or j = 0). 

This treatment represents an extension of the 
Schaap and McMasters method3 for mixed-ligand 
complexes to the case in which in the single systems 
a maximum of four ligands attached to the central 
ion, as we have seen for cadmium-bromide and 
cadmium-iodide. This is the first time the Schaap and 
McMasters treatment has been applied to a system 
where fourteen complexes co-exist. 

The values of all the stability constants in the 
equations above can be obtained if the half-wave 
potentials and diffusion currents of at least three 

260 

series of solutions are measured, each series at a 
constant concentration of Y (bromide in our case) 
and increasing concentrations of X (iodide), as indi- 
cated in Fig. 7 for AE,,,. The stability constants of the 
simple systems have already been determined. The 
constants B, C and D can be obtained from a 
least-squares treatment of the functions: 

F,-A 
FM = [xl -=B+C[X]+D[X]2+E[X]3 

F =F,o-B 
20 ---=C+D[X]+Ep]2 

[xl 
F20 - C 

f’30 = Ixl -=D+E[X] 

or an extrapolation to zero ligand concentration of 
the graphical plot of the corresponding functions, as 
in Figs. 8-10. A can be obtained in the same way 
from Foe or from the stability constants of the 
cadmium-bromide system; R is the highest constant 
of the cadmium-iodide system. As can be seen in Figs. 

8-10 and Table 2, A and E obtained graphically or 
numerically agree satisfactorily with the values ob- 
tained from the simple systems. 

Graphical and numerical values of B, C and D in 
each series show excellent agreement, which is a proof 
of the applicability of the method. 

In Table 3 experimental values of the stability 
constants obtained by graphical and numerical calcu- 
lation are shown together with maximum deviations 
calculated from the standard deviations of the con- 
stants A, B, C, D and E obtained by least-squares 
calculation; statistical constants are also shown. 

Statistical calculations. The logarithm of the Nth 
root of pN for a simple complex-log /I$“-may be 
taken as a measure of the free enthalpy change per 
ligand, due to replacement of the bound water in the 
aquo complex. Bjerrum17 used this value as a measure 
of the tendency of a ligand to form a complex. 

0.01, 0.05 , 0.1 

0.1 03 0.5 

M CXI 

Fig. 8. Plots of Foe (O), F,, (x ), F, (0) and F,,, (0) vs. iodide concentration at [bromide] = 0.05M for 
the mixed-ligand system. 
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0.1 0.3 0.5 
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Fig. 9. G (01, Flo (~1, ho (0) and 4, (0) vs. iodide concentration at [bromide] = 0.2M for the 
mixed-ligand system. 

Assuming that in a system there are two ligands A 
and B (at the same concentration), each of which is 
capable of forming four complexes with the central 
ion, the probability that four successive ligands of the 
same kind (e.g., A) will be attached to the central ion 
M is (1/2)4= l/16. The same probability holds for 
MB,. The other fourteen combinations are divided 
among MB,A, MB,A, and MBA,. According to this, 
the stability constants for these complexes would be 
predicted to be 

/&, = 4.66bj@ti4 

In the case of the complexes MAB, MA,B and 
MAB, the statistical factors favouring mixed-ligand 

complex formation are two for the first and three for 
the second and third. The term /7jN contains a gross 
statistical factor of 412 for MAB and 413 for MA,B 
and MABr, because there are two and three ligands, 
respectively, available to occupy four sites around the 
central ion. Then the ligand factors will be (2/4)‘lN 
and (3/4)“N. In summary, the statistical stability 
constants for these complexes would be: 

811 = 2(~820%*Y’Z 

821 = 3Gs30)2’3@03Y’3 

A2 = 3dB30>“3@03)2’3. 

The statistical values according to these calcu- 
lations are given in Table 3. Attention is drawn to the 
good agreement between the statistical and experi- 

M CXI 

F,, (X ), FzO (0) and I$,, (0) us. iodide concentration at [bromide] = 
mixed-ligand system. 

Fig. 10. F, (O), 0.3M for the 
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Table 2. Values of the constants A, B, C, D and E at three 
levels of bromide concentration (I, 0.05M; II, 0.2M; III, 

0.3M) 

Graphical Numerical 

A, 2.5 * 0.2 2.2 * 0.2 
,411 15* 1 13.5 k 0.8 
A 111 25k 1 24.3 k 0.4 

4 115+ 10 117.9 * 1.1 
B,l 480 k 50 479 f 0.8 
B 111 1100 f 100 1098 f 0.6 

C, (52 + 10) x lo* (50.18 f 0.06) x 10’ 
Cn (180 f 10) x lo2 (180 f 0.03) x lo2 
C,,, (290 + 10) x lo2 (29.03 k 0.02) x lo* 

D, (100 * 1) x 103 (101.5 f 0.7) x 103 
D,I (190 f 1) x 103 (190.0 + 0.2) x 10) 
&I (220 + 1) x 103 (219.9 f 0.2) x lo3 

E, (690 + 10) x lo3 (688.0 f 1.2) x 103 
E,l (600 k 10) x 10’ (599.9 f 0.3) x 10) 
E 111 (600 f 10) x lo3 (600.1 k 0.2) x lo3 

Table 3. Graphical, numerical and statistical values of the 
stability constants of the mixed-ligand complexes in the 

cadmium-bromideiodide system 

Experimental 
Graphical Numerical Statistical 

;:’ 
423 459 f 94 382 

3.7 x 103 (3.2 + 0.6) x lo3 3.9 x 103 
II 20.7 x lo3 (21.6 f 1.1) x lo3 21.3 x 10’ 

i:: 
67.7 x 10’ (68.6 * 1.7) x 10’ 18.0 x lo-’ 
85.7 x lo3 (83.3 k 3.4) x lo3 115.0 x 103 

31 590 x 10’ (607 f 9) x lo3 619.8 x lo3 

mental values, with only the (unexplained) exception 

of 821. 
It has been claimed that the experimental stability 

constants of mixed-Iigand complexes are higher than 
the statistically calculated constants,3~6~7 for electro- 
static or steric reasons. According to the results of 
this work we think that no such effect should be 

expected when the ligand characteristics are similar. 
As Table 3 indicates, the experimental values are not 
generally higher than the statistical values for the 
systems examined. 
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Summary-The consistency of the equation given by Shannon for the transfer of maximum amount of 
information in one channel, and the equation deduced by Kaiser for the expression of the information 
power of analytical methods is shown. The fundamental difference between the maximum amount of 
information obtainable by an instrument and that by an analytical procedure is reported. In the second 
case the selectivity of the analytical procedure also has to be taken into consideration. 

In the early fundamental work of Shannon,’ an 
equation was deduced for the transfer of the max- 
imum average amount of information through a 
channel, the input being a continuous signal-time 
function x(t), of duration T and sampled at constant 
intervals with a sampling frequency of f, = 2f,,,, 

where f,,, is the maximum-frequency component of 
the signal function (carrying useful information). 
This equation is 

Ps + PN 
K(l) = nt 1% p 

[ 1 

‘0 

N 

=f,,,T log, y bits 
[ 1 (1) i-4 

where n, is the number of sample points (and so is 
equal to 2f,,,T), Ps is the signal power, PN is the 
noise power. 

This equation is one of the most important in the 
theory of telecommunication, because it gives quan- 
titative relations between frequency band-width, 
time, signal-to-noise ratio and amount of informa- 
tion, the last being expressed in bits. Using a longer 
time interval and narrower band-width allows the 
same amount of information to be transferred as with 
a larger band-width but shorter time interval. To 
increase the amount of information transferred in 
unit time, either the frequency band-width or the 
signal-to-noise ratio has to be increased. 

The channel capacity c (expressed in bits) is defined 
as the maximum average amount of information 
transferred in unit time. 

bits. (2) 

If we wish to transpose equation (1) from the time 
domain into the frequency domain, i.e., we wish to 
find the analogous expression in the frequency do- 
domain into the frequency domain, i.e. we wish to 
find the analogous expression in the frequency do- 
main, the following points need consideration. 

The x(t) signal-time function corresponds to its 
Fourier transform in the frequency domain. Because 

the duration of the signal transfer is finite and the 
sampling gives discrete data, the transformation can 
be carried out by the S.C. discrete Fourier transform 
(which is an estimation of the Fourier transform), 
which will contain n,/2 terms and n,/2 amplitudes. 
Using a formulation very similar to equation (l), but 
defined in the frequency domain, we obtain 

bits 

where Xi stands for the ith amplitude of the spectrum 

Xi=Jm (4) 

Ai denoting the real and Bi the imaginary part of the 
transform; SXi denotes the smallest distinguishable 
difference between two values of the amplitudes. This 
difference depends on the quality of the channel, i.e., 
on the noise level. If we use this formula for descrip- 
tion of the amount of information obtainable from 
an instrument then 6X depends on the noise of the 
instrument. Equations (I) and (3) are similar. The 
square root of the power ratio in equation (1) corre- 
sponds to the ratio Xi/S& in equation (3), with the 
difference that in the latter case-by convention-the 
signal and noise are not summed in the numerator, 
and 6X is not the root mean square of the noise, but 
a value proportional to the noise (uiz. 2ks where k is 
the value of student’s t for the significance level 
chosen, s is the standard deviation of the noise, and 
the factor 2 allows for deviation in either direction). 

Taking the resolution R,, as 

f 
%“bf’ 

considering that Sf = l/T, and setting the limits of the 
frequency band between f = 0 and fma, as fi and f2, 
then the number of distinguishable amplitudes in the 
frequency domain will be 

f2 R 
nf= s A df 

/I f 
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and n, will be less than 42 (except when the band- 
width is from f = 0 to f,,,). 

Since the ratio X/SX usually depends on the fre 
quency, the mean value of the ratio can be obtained 
by integration over the frequency range j&. Thus, 
the mean value of the X/6X ratio, expressed as the 
average number of distinguishable steps, n, is: 

By substitution from equations (5)-(7), equation (3) 
becomes: 

s f2 

Hwi -m = R, cf log,m. 
/I f 

This equation was first introduced by Kaiseti for 
expressing the information power of spectroscopy. By 
generalization-using the z co-ordinate instead of 
frequency-the equation can be used for any two- 
dimensional instrumental analytical method. In this 
general formula the intensity of the amplitude, i.e., 
the signal we use, is simply x. Thus, 

s 9 

K,,, - rz) = R,:, * log, R (9) 
I, Z 

Kaiser’s ingenious concept corresponds to the general 
aspects of the telecommunication theory. However, 
in connection with the use of equation (9) two very 
important points must be considered. 

The first is that it has to be distinguished very 
clearly whether we speak of the amount of informa- 
tion (not the information power, because time is not 
included) obtainable by an instrument, or by an 
analytical procedure. Equation (9) is valid for both. 
If we use it for instruments, then the resolution of the 
instrument R = z/&z and N = x/6x have to be taken 
into consideration, and if we use it for an analytical 
procedure, then the resolution of the procedure, 
which is the resolution of the components to be 
determined, (i.e., the selectivity), R = Z/AZ and 
N = C/AC has to be used. Thus the R and N values 
differ considerably, depending on whether the instru- 
ment or the analytical procedure is concerned. For 
expressing N for the instrument we use the signal 
intensity x, but to express it for the procedure we use 
the concentration c. 

For example, let us consider a spectrophotometer. 
It has quite a large resolution in the wavelength range 
200-800 nm, because 6z = 1 nm can be distinguished. 
The resolution depends on the dispersion unit and the 
slit setting used, i.e., on the technical parts of the 
instrument. The value of 6x again depends on the 
noise of the instrument. It can be approximated by 
taking four times the root mean square of the noise 
power. If, however, we wish to express the amount of 
information obtainable by an analytical procedure, 
then for R we have to take the resolution of the 
components, or the resolution of the corresponding 
wave bands AZ, and the least discernible concen- 
tration difference distinguished by the analytical pro- 

cedure, AC, which is connected with the standard 
deviations of the determinations. The AZ value is 
usually Xl-100 nm. The standard deviations of the 
determinations include not only the precision of the 
instrument, but also all the other statistical errors 
which arise from sampling, preliminary treatment of 
the sample, the evaluation of the result, calibration 
errors, etc. Thus, AZ >>6z and AC >>6x. 

It is interesting to note that the resolution of a 
procedure usually does not depend on the resolution 
of the instrument used for detection, because in most 
cases Az>>6z. This is also the case in chro- 
matography, where the resolution of the detector is 
fairly high, but the resolution of the procedure de- 
pends on the column parameters (selectivity factor, 
plate number of the column). The detection system 
becomes the limiting factor of the selectivity of the 
procedure only when AZ is less than 6z, or they are 
comparable in magnitude. 

The smaller the value of AZ for a procedure, the 
greater is the selectivity, and the greater the number 
of components with similar behaviour which can be 
determined by the same procedure in the presence of 
each other, assuming that their distribution in the 
direction of co-ordinate z is optimal or favourable. 
With increasing selectivity, i.e., decreasing AZ value, 
the maximum amount of information obtained by the 
procedure will increase. This fully corresponds to the 
points made in our previous paper3 on the quan- 
titative expression of the selectivity of analytical 
procedures. 

The second important point is that when we use 
equation (9) for calculation of the amount of infor- 
mation, then in some cases AZ or 6z can be considered 
constant over the range z,-z1 investigated. This is 
the case, for example, with spectrophotometers or 
spectrophotometric determinations. In some other 
cases, however, the ratio Z/AZ can be taken as 
constant, e.g., when we want to calculate the amount 
of information obtainable by a column chro- 
matographic method. When an isocratic elution pro- 
cedure is used in liquid chromatography the plate 
number of the column (N) can be assumed constant 
in the range investigated, since 

JXL!$; (10) 

where t, and w are the retention time and peak width, 
respectively. 

For a one-dimensional analytical procedure, e.g., 
determination of iron by titration, or by spec- 
trophotometry in the absence of other components 
which can be determined similarly, equation (9) 
reduces to 

H = log, N = log, +c 

EXAMPLES 

(11) 

(1) The working range of a spectrophotometer is 
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200-800 nm and its resolution is 1 nm. Hence 
z, = 200; zz = 800; 6z = 1. The precision of deter- 
mination of the transmittance is cu. +0.5% (i.e., 
6x = 1.0). The absorption band-width of a molecule 
is, in general, 60 nm. The confidence interval for the 
spectrophotometric determination is ca. + 5%. What 
is the maximum amount of information obtainable 
with the spectrophotometer (maximum number of 
distinguishable signal values), and what is the max- 
imum amount of information when the spec- 
trophotometer is used as an analytical tool for the 
determination of the concentration of different mole- 
cules? 

In both cases equation (9) is used. For the instru- 
ment: 

jZr;;dz =[zf=600 

Htftr = 600 log, E = 3986 bits. 

For the analytical procedure 

Hr$ = 10 log, T = 33.2 bits. 

This is the maximum amount of information which 
can be obtained by the analytical procedure if opti- 
mal conditions are ensured, i.e., the components are 
present in equal amounts, the spectra show a uniform 
distribution, the resolution is optimum, etc. Six com- 
ponents can be determined in the presence of each 
other. 

If the spectrophotometer is used for the deter- 
mination of a single component, then the information 
obtained is: 

Hi,, = log, 10 = 3.32 bits. 

The relative redundancy is 

100 = 90%. 

(2) An ion-exchange column is used for the sepa- 
ration of cations, with hydrochloric acid as eluent. 

The mean plate number of the column for the elution 
of simple univalent ions under the given conditions 
(temperature, flow-rate, column length, etc.) is 16. 
The dead-time of the column is 2 min. The detection 
is based on conductivity measurements. The amounts 
of the ions present are determined from the recorded 
peak areas, with an error of f 1%. What is the 
maximum information obtainable by the chro- 
matographic system, if the chromatographic pro- 
cedure takes (a) 10 and (b) 20min? 

The calculation is done by using equations (10) and 
(9). First, the value of the resolution is calculated: 

fi++4. 

When the elution takes 10 min, since the dead-time is 
2 min, the detection is confined to an effluent volume 
corresponding to the last 8 min of flow, so: 

4 
I 

‘O 1 
-dz =41nr=6.4 

2 z 

Hy = 6.4 log, F = 36 bits. 

For the 20-min procedure: 

s 
2o 

4 
1 
- dz = 4 In T = 9.2 

2 z 

Hy = 9.2 log, F = 52 bits. 

Thus, the maximum amount of information obtain- 
able by the chromatographic system is 36.1 bits for 
a lo-min run. In the luckiest case six different ions 
can be determined. If the 20-min run is chosen, then 
the total amount of information is remarkably less 
than twice that obtainable in the lo-min run, since the 
peak-widths are increasing linearly with time, and 
only two (or possibly three) further components can 
be determined by use of the additional 10 min of 
running time. 
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Summary-The complexing abilities of 12-crown-4 and its analogues have been investigated by using 
ion-pair extractions. A relationship exists between the type of substitution on the 12-crown-4 and the 
complexing ability and selectivity. Additionally, the selectivities vary according to the reagent concen- 
trations. The compound 12-crown-4 can be used to complex sodium selectively in the presence of other 
alkali-metal ions. A method for determining serum sodium-ion concentrations has been developed. 

Potassium and sodium have been determined by 
flame emission spectrophotometry, potentiometry 
with ion-selective electrodes, and atomic absorption. 
Recently, the crown ether and cryptand types of 
reagent have been used to complex alkali-metal ions 
selectively. Crown ethers and cryptands can be used 
in intermolecular ion-pair extractions’*2 or syn- 
thetically modified to make chromogenic crown 
ethers’-’ which can be used in intramolecular ion-pair 
extractions for the determination of alkali metals. 
Unfortunately, the determination of sodium by ion- 
pair extraction has only been accomplished by using 
the expensive compound called cryptand 211, with 
picrate as the counter-ion and toluene as the solvent2 

Recent studies on the ion-pair extraction behaviour 
of 12-crown-4 and benzo-12-crown-4 with picrate as 
the counter-ion and dichloromethane as the solvent 
have disclosed another choice of crown ether for the 
determination of sodium by ion-pair extraction. In 
addition, several analogues of 12-crown-4 have been 
studied. This paper reports the ion-pair data for 
12-crown-4 and its analogues for various solvents, 
anions and reagent concentrations. A method for the 
determination of serum sodium with 12-crown-4 is 
presented. 

EXPERIMENTAL 

Reagents 

The reagents were 12-crown-4 (Aldrich) and 12-crown-4 
analogues8 (shown in Fig. 1), spectrophotometric grade 
solvents (Aldrich) and at least 99.5% pure alkali-metal 
chlorides (Alfa). The picric acid was titrated poten- 
tiometrically to determine its purity. All water was prepared 
with a Bamstead “Nanopure” system. 

Extraction procedures 

For all procedures using alkali-metal chlorides the pH of 
the solution was 3.2, but 11.7 when the hydroxides were 
used. 

The degree of extraction was determined by transferring 
standard alkali-metal chloride and nitric acid solutions into 
a lOO-ml round-bottomed flask and diluting to 10 ml with 
water to give final concentrations of alkali-metal ion and 
picric acid of O.lM and 10F4M respectively. Then 10 ml of 
a crown ether solution (10-4-10-2M) in the solvent under 

investigation were added, and the mixture was mechanically 
shaken at a constant rate for 10 min at room temperature 
(cu. 24”). After phase separation the concentration of the 
picrate-crown ether ion-pair complex in the organic phase 
was determined spectrophotometrically at the appropriate 
wavelength (Table 1) and compared with the original aque- 
ous concentration of picrate. 

Extraction constants were determined by mixing equal 
volumes of O.l-lO-4&I alkali-metal chloride and 10m4M 
picric acid in a lOO-ml round-bottomed flask, and diluting 
to 10 ml with water, extracting with 10 ml of 10-4M crown 
ether solution in the solvent under investigation, and anal- 
ysing the extracts as already described. 

Partition coefficients were determined by the Frensdorff 
method’ by equilibration of equal volumes of water and the 
solution of crown ether in organic solvent, followed by 
spectrophotometric determination of the amount of crown 
ether extracted into the aqueous phase. The determination 
was done by addition of picric acid and potassium hydrox- 
ide to the aqueous phase and extraction of the crown 
ether/potassium/picrate complex into dichloromethane. The 
concentration found in this way for the aqueous phase was 
subtracted from the initial total concentration of crown 
ether to deduce the concentration left in the organic phase. 
The partition coefficients were determined at several crown 
ether concentrations between 0.01 and O.lM in the organic 
phase. 

The recommended procedure for serum sodium-ion deter- 
mination is to take 1 ml of serum sample in a lo-ml 
centrifuge tube and add 4ml of 1.5% aqueous tri- 

A n 

5 6 

Fig. 1. Crown ethers used: DDC = dodecyl group. 
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Table 1. Spectral data for picrate-crown ether ion-pair 
complex in various solvents 

Solvent 

CH,Cl, 
CH,Cl 
CCKH, 

I max, nm Complex 
E max I 

Picric acid Complex I. mole _ ’ . cm - ’ 

350 315 1.8 x lo4 
360 7.3 x 103 
380 1.7 x 10’ 

The value of I,,, for the complex is practically independent 
of which crown ether is used. 

chloroacetic acid solution. After thorough mixing (for 
approximately 5 min), centrifugation of the protein precip- 
itate, and decantation, 1 ml of the solution is transferred 
into a 250-ml standard flask and diluted to volume with 
water. In the rest of the procedure the reagent volumes must 
be dispensed as reproducibly as possible, as slight variations 
in the reagent concentrations can adversely affect the results. 
Five ml of the diluted sample are placed in a 100-ml 
round-bottomed flask with 10 ml of 7 x 10-“M crown ether 
solution in dichloromethane and 5 ml of 7 x 10-4M picric 
acid, and the flask is mechanically shaken for 10min at 
constant temperature. The, absorbance of the organic phase 
is measured and evaluated with a calibration graph. 

RESULTS 

The extraction equilibrium for alkali-metal ion 
(M +), picrate ion (Pit- ) and crown ether (Cr) is 
represented by the equation 

Ma’q + Pit, + Cr,rg & MCrPic,,, (1) 

where MCrPic denotes the ion-pair in the organic 
phase. Therefore, the extraction constant is given by’ 

[MCrPic],, 

j&X = [M + lnq Pit - Ia4 W,, 
(2) 

Four other equilibria must be kept in mind in order 
to account for the distribution of all components; the 
dissociation of MCrPic(,,,, [equation (3)], the distribu- 
tion of the crown ether [equation (4)], the complex- 
ation of the metal with the crown ether in the 
aqueous phase [equation (5)] and the distribution of 
undissociated picric acid [equation (6)]. If the organic 
phase is polar, at low concentrations the ion-pair will 
partially dissociate according to equation (3). Evalu- 
ation of the Kd value proved this dissociation to be 
negligible. 

MCrPic 0r.& MCr& + Pit,, (3) 

Cr,+ Cr,s (4) 

Ma’q + Cr,- L MCrG (5) 

HPic ass HPic,, (6) 

The partition coefficients shown in Table 2 indicate 
that the best solvent to use is dichloromethane; 
12-crown-4 is not appreciably soluble in any other 
solvent tested. Additionally, the partition coefficients 
suggest that practically no crown ether will be lost to 

the aqueous phase by partition during the extraction. 
Resazurin (previously used for ion-pair studies with 
cryptands) exhibited little extraction as a crown ether 
ion-pair complex, and could not be used. 

No detectable extraction was found in the absence 
of either picrate or crown ether when alkali-metal 
hydroxides were used, so the concentrations of hy- 
droxide ion and uncomplexed alkali-metal picrate in 
the organic phase can be taken as negligible under 
these conditions. However, a certain amount of the 
picric acid was extracted when alkali-metal chlorides 
were used and the extraction was done at pH 3.2. 
This is in agreement with the findings of Gustavii 
and Schill,” who reported a value of 102.w for the 
distribution coefficient of picric acid between 
water and dichloromethane [K = [HPic],,,/([HPic],, 
+ pie-I,,)]. The same authors reported that the 
apparent dissociation constant of picric acid at 0. 1M 
ionic strength is 10-“,33, which implies that at pH 3.2 
about 13% of the free picrate would be extracted as 
picric acid. The molar absorptivities (1. mole-‘. cm-’ 
at 375 nm) in dichloromethane are about 2 x lo3 for 
picric acid and 1.8 x lo4 for picrate in an ion- 
association complex, so the picric acid extracted 
would give a signal equivalent to that for a crown 
ether/alkali metal/picrate concentration equal to 
about 1.5% of the free picrate concentration in the 
aqueous phase (if equal volumes are used). As the free 
picrate concentration will depend on the alkali-metal 
ion concentration, this source of error will also be 
dependent on the alkali-metal concentration, but will 
be automatically compensated for in the calibration, 
provided that the pH and the volume of picrate 
added are kept practically constant for samples and 
standards. Under those conditions a blank should 
not be necessary for a particular batch of reagents 
and the accompanying calibration graph. 

Table 3 indicates several interesting points. First, 
l2-crown-4, when used with dichloromethane and 
picrate, is a selective reagent for sodium. With equal 
concentrations of crown ether and picrate, lithium is 
extracted more efficiently than potassium, but the 
reverse is the case at higher crown ether concen- 
trations. This is not surprising since potassium prefer- 
entially forms a 2: 1 crown ether: metal complex.‘2 

Table 2. Partition coefficients (D,) of 12-crown-4 and 
benzo- l2-crown-4 between various solvents and water 

Solvents 
Crown 
ether 

Dichloromethane 

Chloroform 

1 , 1 , 1 -Trichloroethane 

Toluene 

12-c-4 
B-12-C-4 
12-c-4 
B-12-C-4 
12-C-4 
B-12-C-4 
12-C-4 
B-12-C-4 

3.1 x 10-j 
7.4 x 1o-4 

NE 
6.9 x lo-) 

NE 
1.6 x lo-’ 

NE 
NE 

NE = no extraction. 
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The degree of extraction is increased when the alkali- 
metal hydroxides are used instead of the chloride. 

We believe this is due to the shift in picric acid 
dissociation, caused by the change in pH, since the 
effective picrate concentration will be increased (see 
preceding paragraph). 

Benzo-12-crown-4 does not extract lithium at all in 
the presence of picrate. For other alkali-metal ions, 
benzo-12-crown-4, picrate and various solvents, the 
degree of extraction depends on the solvent used, 
increasing in the order toluene << 1 , 1,l -trichloro- 
ethane < chloroform < dichloromethane. This order 
is not a function of dielectric constants, since these 
are in the order chloroform (4.8) < l,l,l-trichloro- 
ethane (7.1) < dichloromethane (9.1). 

Compounds 3 and 4 are interesting in comparison 
to 12-crown-4 and benzo-12-crown-4 in terms of 
extraction ability. Compound 4 is much more selec- 
tive than compound 3 for sodium. Molecular models 
suggest that this may be due to the rigid benzene ring 
acting as a cap to the cavity. This should increase the 
stability of the potassium, rubidium and caesium 
complexes. The dodecyl group would not form a 
good cap, so only ions that fit well into the cavity 
would be extracted efficiently. This explanation seems 
acceptable since the degree of extraction for sodium 
is essentially the same for both compounds, whereas 
that for the larger cations varies markedly. Com- 
pound 4 behaves similarly to 12-crown-4 but com- 
pound 3 has extraction behaviour in between that of 
benzo- 12-crown-4 and of 12-crown.4. 

Compound 5 behaves more like benzo-12-crown-4. 
Deprotonation of the phenolic group enhances the 
extraction, probably because the charged group will 

act as an additional stabilizing factor when posi- 
tioned over the cyclic crown ring. Interestingly, the 
difference between compounds 3 and 5 was the extra 
methylene group in compound 3 and the phenol 
group in compound 5. If we assume that the pro- 
tonated phenolic group has little effect on the extrac- 
tion process, then the addition of the methylene 
group has a significant impact on the extraction 
system, possibly because of the extra flexibility of the 
side-chain. 

It appears from all the data that a change in 
extraction selectivity can be accomplished by varying 
the ratio of crown ether to counter-ion. With potas- 
sium, rubidium and caesium capable of forming 2: 1 
and 3 : 2 crown ether to metal complexes, any increase 
in the crown ether concentration improves the degree 
of extraction of these ions. If the crown ether concen- 
tration is more then ten times that of picrate, the 
selectivity of the crown ethers will change in favour 
of the larger alkali-metal ions. The selectivity for the 
smaller ions is increased by lower (preferably equal) 
concentrations of crown ether and picrate, but there 
is some loss of overall extraction efficiency. 

Table 4 gives the extraction constants for the 
crown ether/alkali metal/picrate complexes. The data 
in Tables 3 and 4 indicate that the ion-pair system 
with dichloromethane as the solvent and picrate as 
the counter-ion transforms 12-crown-4 into a selec- 
tive complexing agent for sodium, in the presence of 
other alkali metals. The data also indicate that only 
high concentrations of lithium would interfere seri- 
ously. On the other hand, benzo-12-crown-4 exhibits 
no selectivity other than its exclusion of lithium in the 
extraction process. The data in Table 4 confirm the 

Table 3. Picrate extracted (%) for certain solvent, crown ether and alkali metal 
svstems ([alkali metal1 = 0.1 M) 

Crown 
ether Method Li+ Na+ K+ Rb+ Cs+ Solvent 

1 A,C 0.46 2.69 NE NE NE CH,Cl, 
1 A,D 0.36 1.99 0.08 NE NE CH,Cl, 
1 B,B* 1.7 19.9 5.3 3.5 2.6 CH,Cl, 
1 B,C - 28.9 5.8 1.7 0.6 CH,Cl, 

B,D 
A,C 
A,C 
A,C 
B,D* 
B,D* 
A,C 
Protonated 
A,C 
Deprotonated 
A,C 

- 33.45 7.5 1.9 1.1 
3.3 7.0 a.9 8.7 
0.33 3.1 4.9 7.0 
0.17 2.5 3.4 4.4 

2.6 15.2 14.1 13.0 12.6 
1.8 15.4 4.2 3.1 2.6 

2.3 8.5 8.9 8.0 

4.1 14.3 15.5 14.3 
2.4 35.6 57.7 38.5 17.6 

CH;Cl; 
CH,CI, 
CHCl, 
TCE 
CH,Cl, 
CH,Cl, 

CH,Cl, 

CH,Cl, 
CH,Cl, 

6 A,D 

NE = No extraction. 

NE 18.2 99.9 59.8 32.0 CH;Cl; 

TCE = 1 , 1,l -trichloroethane. 
Method A = 10m4M picrate and crown ether. 

B = 10-4M picrate and IO-*M crown ether. 
C = alkali-metal chloride. 
D = alkali-metal hydroxide. 

*Data from Miyazaki et ~1.‘~ 
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Table 4. Logarithmic extraction constants for crown ether picrate ion-pair extraction of alkali-metals 

System Li+ Na+ K+ Rb+ cs+ 

CH,C1,/12-C-4 1.49 + 0.14 3.04 * 0.04 NE NE NE 
CH,Cl,/B- 12-C-4 NE 3.05 f 0.04 4.01 & 0.04 4.41 + 0.06 4.46kO.11 
Benzene/l 2-C-4 -1.62 -1.44 -1.82 -2.10 -2.189 
Benzene/l5-C-5 -1.10 1.51 0.19 -0.25 - 0.499 
CHCl,/B-12-C-4 NE NE 2.4OkO.18 2.90 + 0.08 3.04 + 0.07 
CCl,CH,/B- 12-C-4 NE NE 3.18 k 0.03 3.09 + 0.01 3.01 kO.15 

Table 5. Serum sodium level determination 

Sodium found, meqll. 
Hospital value 

Samnle This method (flame photometry) 

1 147 145 
2 136 135 
3 136 136 
4 142 140 

selectivities (especially that of 12-crown-4 for so- 
dium). The data for ion-pair extraction with picrate 
and benzene show that our system is considerably 
better and more selective. 

In an attempt to find a “real” application for this 
extraction system, 12-crown-4, picrate and dichloro- 
methane were used to determine sodium in blood 
serum. A calibration curve was prepared with stan- 
dard sodium chloride solutions. It was linear over the 
sodium range 5-150ppm Na+ (2.1-65 x 10m4M). 
The least-squares equation for the calibration curve 
had a small intercept on the ordinate and the cor- 
relation coefficient was 0.9983. The dilution needed to 
bring the sample solution sodium concentration into 
the linear range was considerably less than that for 

the previous cryptand ion-pair method. The results in 
Table 5 show the concentrations obtained by this 
method and the value given to us by the hospital 
where the samples were taken. The agreement is 
excellent, with no indication of interference from 
potassium. 
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Sommary-The colour reactions of three oximes with ammine- and nitrosyl-pentacyanoferrate(I1) ions 
have been studied. The optimum reaction conditions, spectral characteristics and molar compositions have 
been found and some instability constants determined. The reactions can be used for the detection and 
determination of small amounts of the oximes examined. 

The aquopentacyanoferrate(I1) ion (AqP) reacts with 
different aliphatic and aromatic oximes to form in- 

tensely coloured water-soluble complexes,’ and so do 
amminepentacyanoferrate(II)2 and nitrosylpenta- 
cyanoferrate(II)3 ions (abbreviated here as AmP and 
NP). These reactions have been applied for the 
detection and determination of small quantities of 
certain oximes,@ and probably take place through a 
common intermediate, the aquopentacyanoferrate(I1) 
ion, which forms in aqueous solutions of am- 
minepentacyanoferrate(II)9~‘0 and alkaline solutions 
of nitrosylpentacyanoferrate(II).” 

The nature of the reaction product depends very 
much on the chemical nature of the reacting oxime. 
In this paper the reactions of AmP and NP with 
pyridine-Zaldoxime (PA-2), l-methylpyridinium- 

2-aldoxime methyl sulphate (PAM-2 CH,SOJ and 
I-dodecylpyridinium-2-aldoxime chloride (PAD-2 
Cl) are described. Because the last two of these 
oximes, PAM-2 and PAD-2, are antidotes to poi- 
soning with organophosphorus compounds,‘2 these 
investigations also had a practical importance. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical-reagent grade. Redis- 
tilled water was used throughout. Britton and Robinson 
buffers” were prepared by mixing lOOmI of phosphoric, 
boric and acetic acid mixture (all 0.04Mj with different 
volumes of 0.20M sodium hydroxide. 

Aqueous solutions of Na,[Fe(CN),NH,].3H,O (Touzart- 
Matignon) were prepared 10-15 min before use. The aque- 
ous Na,[Fe(CN),NO].2H,O (Kemika) solutions remained 
stable for several days if kept in the dark. 

The oximes were from different sources, PA-2 and PAM-2 
CH,SO, from Fluka and Specia and PAM-2 Cl from Bosna- 
liiek. PAD-2 Cl and PAD-2 I were svnthesized.‘* Their 
solutions were prepared in water (pure ethanol in the case 
of PAD-2). 

Constant ionic strengths of 0.05 and 0.1 were obtained by 
addition of sodium chloride solutions of appropriate con- 
centrations. 

Preparation of samples for measurements 

A. To 2 ml of Britton and Robinson buffer of appropriate 
pH add the oxime, sodium chloride, AmP and enough water 
to give a volume of 5 ml. 

B. To an alkaline NP solution which has stood for 10 min 
in the dark, add the oxime, sodium chloride and water to 
give a total volume of 5 ml. 

For PAD-2 Cl use 50% ethanol-water medium, leave all 
solutions in the dark at room temperature to reach equi- 
librium. Measure the absorbance at the appropriate wave- 
length of maximum absorption (&,,,,) against a reagent 
blank or water. 

Determination of oximes 

To 2 ml of Britton and Robinson buffer of pH 6.06 (or pH 
7.90 for PAM-2 CH,SO,) add 2.5 ml of the oxime solution 
(containing 50-500 & of PAM-2 CH,SO,, 100-800 ua of 
PAD-2 Cl& SO-100 ig of PA-2) and 6.5 I& of O.OlM’xmP 
(0.04M AmP in the case of PAM-2 CH,SO,k Mix well and 
measure the absorbance at rZ,, against a’ reagent blank after 
equilibrium is reached. Find the amount of oxime by 
reference to a calibration graph or equation. 

Isolation and characterization of the Amp-PAD-2 and 
Amp-PAM-2 products 

Because of the low solubility of PAD-2 Cl and its AmP 
complex in water the reaction can be used to isolate the 
latter by precipitation. The oxime (0.0654 g) was dissolved 
in 2 ml of ethanol and 0.0132 g of AmP was dissolved in 1 ml 
of water. The solutions were mixed and after l-2 hr the 
precipitate was filtered off, washed first with 78% ethanol, 
then with water, and dried first in the dark in air, then in 
a desiccator over sodium hydroxide and finally in a vacuum 
desiccator over phosphorus pentoxide. Qualitative analysis 
showed that the compound did not contain sodium. Iron 
was determined complexometrically as Fe3+ after decom- 
position of the compound with aqua regia, and C, H and N 
were determined by elemental analysis. Analysis: C 63.3x, 
H 8.8x, N 14.6% and Fe 6.9%; C,H,,N,O,Fe.H,O requires 
C 63.140/,, H 8.48x, N 14.73% and Fe 7.34%. The product 
is a dark powder, sparingly soluble in ethanol and insoluble 
in benzene, acetone, carbon tetrachloride and ether. The 
same preparation method may be used with 
I-dodecylpyridinium-2-aldoxime iodide. The infrared spec- 
tra were recorded (KBr pellets). The bands observed were 
vcN at 2106 and 2048 cm-’ and vNo at 1018cn-‘. 

The product of the reaction between AmP and PAM-2 Cl 
was isolated by evaporation of a mixture in which the oxime 
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was in ninefold molar excess over the AmP (PAM-2 Cl was 
used instead of PAM-2 CH,SO, because we had more of it). 
One ml of water containing 0.0621 g of the oxime and 5 ml 
of water containing 0.0130 g of AmP were mixed and left for 
4-5 hr in the dark, then evaporated to dryness in wcuo. The 
residual solid was transferred onto a Schleicher & Schiill 
white band filter paper and washed with about 50ml of 
ethanol until the washings no longer contained oxime (as 
shown by evaporation). It was dried in the dark in air and 
later in desiccators over anhydrous calcium chloride and 
phosphorus pentoxide. Elemental analysis gave C 40.1x, H 
4.6x, N 20.1x, Fe 10.7x, Na 4.9%; sodium hydrogen diox- 
imatotetracyanoferrate(I1) pentahydrate requires C 39.57x, 
H 4.98x, N 20.51x, Fe 10.22x, Na 4.21%. The analysis is 
not satisfactory proof of composition, but the product was 
difficult to obtain and dry reproducibly. The compound was 
very soluble in water, and its spectrum had I,,, at 525 nm. 
The colour faded rapidly on addition of hydrogen peroxide 
but not on addition of ascorbic acid, suggesting that all the 
iron was present as iron(I1). Its infrared spectrum had a 
broad absorption band at about 3400 cm-‘, confirming the 
presence of water, vcN at 2110, 2068, 2048 and 2024cn-’ 
and vu0 at 1012 cm-‘. It is not known whether the proton 
is involved in the complex anion or not. 

RESULTS AND DISCUSSION 

The products are formed very slowly and the 
kinetics depend on many factors, primarily on pH 
and ionic strength. NP forms coloured complexes 
even in very alkaline media, if its alkaline solution is 
kept in the dark for 10 min before addition of the 
oxime. The effects of pH on the AmP reactions are 
presented in Fig. 1 and some characteristics of the 
complexes are given in Table 1. It is found that 
increasing the ionic strength decreases the absorb- 
ance. 

The composition of the complexes was determined 
by the method of continuous variations’4.‘5 and by the 
slope-ratio method;16 the instability constants were 
calculated from the Job plots and by the methods of 
BudGinsky” and of Frank and 0swalt.‘8 

0.6 k 

0.1 - \ 

I I I I I I 
5 6 7 8 9 10 

PH 

Fig. 1. Effect of pH on the complex formation. 
l-[PA-2]= [Amp] = 4 x 10e4M; 2 - PAM-2 CH,SO,] = 
[Amp] = 5 x 10e4M; 3-FAD-2 Cl] = [Amp] = 5 x 

10m4M. Absorbances measured against water at I,,. 

As is evident from Table 1, PA-2 reacts with AmP 
very slowly indeed. The reactions take 4 days to reach 
completion, and the composition of the orange prod- 
uct obtained at pH N 6 is 1:2 oxime:pentacyanide 
(Table 2). With NP it reacts even more slowly; at 
pH < 11 it forms a rose complex with ?,,,,,, = 520 nm, 
and at pH > 11 a compound with A,,,,, = 480 nm and 
lower absorptivity. The reaction takes about 15 days 
to reach completion, during which the initial broad 
spectrum is narrowed and shifted, the direction and 
magnitude of the shift being a function of the pH 
(Fig. 2). The pH decreases from the initial value. 

With NP, PAM-2 CH,S04 forms a 1: 1 complex, 
which was investigated earlier.3 In the reaction with 
AmP it seems to react in two different ways. In acid 
and neutral media it forms a 1: 1 complex in about 
24 hr whereas in strongly alkaline medium a 2: 1 
(oxime:pentacyanide) complex is formed within 4 hr. 

Table 1. Spectral characteristics and stability of the complexes produced in the reaction of AmP 
(I = 0.05) and NP (I = 0.1) with the examined oximes. 

Compound 

PA-2 

I max, Optimum pH 
Reagent nm region 

AmP 470 5-6 
NP 480 -11 

520 -10 

PAM-2 CH,SO, 

PAD-2 Cl 

AmP 52&530 8 
NP 540 11.7 

AmP 570-580 
5.5-6.5 

NP >11 

Stability of 
the complex 
solutions, hr 

Reaction 
time, hr 

96 
24 360 

360 

1 
S-12 
4-8 

2 2 
0.01-0.02 0.25 

Table 2. Spectral characteristics, compositions and instability constants of the complexes with AmP (I = 0.05) determined 
by different methods (22°C) 

Instability constants, pK 

Complex 

PA-2-AmP 

PAM-2 CH,SO,-AmP 

Job 
pH Composition plot’4,‘5 

6 1:2 6.93 
6 1:l 
8 -1:l 

I, ? ?. 1 

BudeSinsky” 

2.82 
3.29 

Frank- c, 
Oswalt” l.mole-i.cm-’ 

2.72kO.10 3700 
3.12 f 0.09 3800 



Pentacyanoferrate(I1) complexes of aldoxlmes 

-1 
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420 440 460 460 500 520 540 560 580 600 
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Fig. 2. Dependence of the PA-2-NP reaction on the base 
concentration. PA-21 = [NP] = 4 x lo-‘A4. The spectra are 
labelled with the number of days elapsed at the time of 
measurement. C-0 [OH-] = 0.02M. The pH on the 
15th day was 9.95. a----• [OH-] = 0.04M. The pH at the 

end of the reaction was 11.61. 

In a slightly alkaline medium a mixture of the two 
forms is probably present but the 1: 1 complex pre- 
dominates (Fig. 3). The spectra of the complexes 
differ (Fig. 4). The molar compositions, absorption 
coefficients and instability constants of the complexes 
are given in Table 2. 

PAD-2 Cl forms a 2: 1 complex with both reagents, 
in SOok v/v ethanol-water solution. The ethanol low- 
ers the absorbance, and if present in higher concen- 
tration shifts the position of A,,,,,. 

All our investigations of the reactions of aliphatic 
and N-heterocyclic aldoximes of the mono- and 
bis-pyridinium type with aquo-, ammine- and 
nitrosyl-pentacyanoferrate(I1) ions’” show that all 
three reagents give the same product with a particular 
oxime. 

PA-2 probably forms the same complex with AmP 
and NP but the complex formed in the latter case at 
pH < 11 exhibits a colour change, probably as a 
result of dissociation of the oxime hydrogen atom. 
This conforms with another report” on the effect of 
pH on the complex of PA-2 and iron(I1). PAD-2 Cl 
also forms the same complex with AmP and NP. The 
reaction of PAM-2 with AmP has not yet been 
completely elucidated. 

Applications 

The colour reactions described may be used for the 
detection and determination of small quantities of the 
oximes. 

The recommended qualitative method consists of 
observing the colour obtained by mixing the oxime 
with the pentacyanide reagent and the appropriate 

0.2 0.4 0.6 0.6 

[PAM-Z CH,SO,- 3 

(PAM-2 CH,SO, I+ CAmPI 

Fig. 3. Job curves at different pH. Total concentrations 
10m3M except for the solutions at pH 11.7, for which the 

concentration was 2 x lo-‘M. 

buffer or base. As already described,19 2-3 /lg of PA-2 
and PAM-2 CH$04 or 15 pg of PAD-2 Cl can be 
detected in this way. For quantitative analysis the 
reactants are mixed under the optimum conditions 
and the absorbance at a,,,,, is measured after equi- 
librium is reached. It is possible to determine 50-500 
pg of PAM-2 CH,SO,, 100-800 pg of PAD-2 Cl or 
5&100 pg of PA-2 in 5 ml of reaction mixture by 
means of a calibration graph. It is also possible to run 
a standard in parallel with the sample and calculate 
the amount of oxime in the sample by simple propor- 
tion from the absorbances and weight of standard. In 
this way it is possible to avoid the long delay needed 
to reach equilibrium (Table 3). The reactions may be 
used successfully for determination of small quan- 
tities of the oximes in tablets and injections. Nitro- 

05 

04 

2 03 

02 

0.1 

I I I I 
440 480 520 560 

X (nm) 

Fig. 4. Absorption spectra at different pH. PAM-2 
CH,S04] = [Amp] = 5 x 10m4M except for pH 11.5, for 

which the concentrations were 1 x 10-3kf. 
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Table 3. Precision of the determinations 

Standard Rel. std. 
Taken, Found,* deviation, devn., No. of 

Oxime pg AA Pl? M % detns. 

PA-2 61 0.393 61 2 3 5 
76 0.463 77; 71t 3; 1.7 4; 2.4 5; 13 
91 0.531 92 4 4 5 
50 0.080 50 2 4 7 

PAM-2 CH,SO, 150 0.245 143 5 3 7 
250 0.428 246 16 6 7 
327 0.131 330 2 1 6 

PAD-2 Cl 490 0.202 509 10 2 6 
654 0.250 628 11 2 6 

*Calculated by means of calibration equations. 
tCalculated by simple proportion, from absorbances measured at different times (8, 12, 24 hr) after 

the mixing of the reactants. 

prusside can be used similarly, but the reactions are 
less sensitive. 

Species forming precipitates or complexes with the 
pentacyanoferrate(I1) under the conditions used will 
interfere, e.g., Cu*+, Hg*+, Au3+, some pyridine 
derivatives,4r2’ alkyl and aryl hydrazines and hydrox’yl- 
amines.** 
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Summary-Sensitive assays have been developed for adenosine 5’-triphosphate, the reduced form of 
nicotinamide adenine dinucleotide, cholyl glycine and alcohol, with immobilized and co-immobilized 
preparations of bacterial and firefly luciferase as reagents. With high-speed (ASA 20000) instant 
photographic film as detector, picomole amounts of the various analytes can be detected rapidly. The 
simplicity and convenience of the analytical combination of co-immobilized bioluminescent enzymes and 
photographic film for the detection of light make this an ideal technique for rapid screening tests. 

Immobilized and co-immobilized bioluminescent en- 
zymes, such as bacterial luciferase and firefly lu- 
ciferase can be used as reagents for very rapid and 
sensitive assays. I-6 For example, primary bile acids 
can be measured in femtomole amounts, according to 
the reaction sequence shown in equations (l)-(3), by 
means of bacterial luciferase, NADH:FMN oxido- 
reductase and 7a-hydroxysteroid dehydrogenase 
co-immobilized onto Sepharose particles.3 

NAD + primary bile acid (cholyl glycine) 

7m-hydroxysteroid dehydrogenase 
P 7a-0x0 bile 

NADH + FMN 

acid + NADH (1) 

NADH:FMN ox,doreductase 
, NAD 

FMNHl + decanal + O2 

+ FMNHz (2) 

* FMN + decanoic 

acid + CO2 + light (3) 

Light-emission from such reactions is usually mea- 
sured by means of a photomultiplier tube or a 
photodiode. It is also possible, however, to detect and 
measure light-emission from luminescent reactions by 
using photographic film, although in the past this has 
been ,nainly confined to chemiluminescent assays for 
metal ions.’ We have recently described an assay for 
glucose based on filter pads impregnated with glucose 

*Author to whom reprint requests should be addressed. 

oxidase and peroxidase, a chemiluminescent indi- 
cator reaction involving luminol, and instant photo- 
graphic film.’ The advantages of this approach to 
analysis are that it is rapid, a permanent record of the 
results is obtained, and the detection system is simple 
and requires no power sgurce. The object of this 
study was to investigate the feasibility of producing 
analytical systems based on bioluminescent enzymes 
co-immobilized onto an insoluble microparticulate 
solid support (Sepharose), and use of instant photo- 
graphic film. 

EXPERIMENTAL 

Reagents 
Luciferin, dithiothreitol (DTT), decanal, N-tris(hydroxy- 

methyl)methyl-2-aminoethanesulphonic acid (TES), cy- 
anogen bromide, and glycylglycine were purchased from 
Sigma London Chemical Co. Sodium pyrophosphate was 
obtained from BDH Chemicals Ltd. The glycine conjugate 
of cholic acid was synthesized as described previously.9 

Nucleotides 
Adenosine S’-triphosphate (ATP), flavin mononucleotide 

(FMN) and the reduced form of nicotinamide adenine 
dinucleotide (NADH) were supplied by Sigma. Nico- 
tinamide adenine dinucleotide (NAD) was purchased from 
Boehringer Mannheim Corporation. 

Enzymes 
Firefly luciferase, 7a-hydroxysteroid dehydrogenase, and 

alcohol dehydrogenase immobilized onto agarose beads 
were obtained from Sigma. “NADH monitoring reagent” (a 
mixture of bacterial luciferase and NADH:FMN oxido- 
reductase) was purchased from LKB. Bacterial luciferase 
and NAD(P)H:FMN oxidoreductase were supplied by 
Boehringer Mannheim Corporation. 

Solid supports 
Sepharose 4B and cyanogen bromide-activated Scpharose 

4B were obtained from Pharmacia Fine Chemicals. 
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Immobilized enzymes 

Various enzymes or mixtures of enzymes were immo- 
bilized according to the procedure described by Ford and 
DeLuca’ onto CNBr-activated Sepharose 4B (1 g) or onto 
Sepharose 4B (1 g) which had been freshly activated by 
treatment with cyanogen bromide according to the method 
of March et ai” They were firefly luc&rase (10 mg); 
bacterial luciferase (5 ma) and NAD(P)H:FMN oxido- 
reductase (10 U); bacte& luciferase and NADH:FMN 
oxidoreductase (one vial of LKB Monitoring Reagent); 
bacterial luciferase. NADH:FMN oxidoreductase (one vial 
of LKB Monitoring Reagent) and ‘la-hydroxysteroid dehy- 
drogenase (3.5 mg). Immobilized enzymes were stored at 
o-4” as a suspension (100 g/l.) in phosphate buffer (O.lM, 
pH 7.0) containing DTT (2mM) and sodium azide (3mM). 

The efficiency of the immobilization procedure was as- 
sessed by determination of the protein concentration (from 
the absorbance at 280 nm) in the coupling mixture before 
and after addition of the activated Sepharose and from the 
minimum amount of analyte detectable by use of the 
immobilized enzyme(s). 

Enzymes were immobilized on both freshly activated and 
preactivated cyanogen bromid+Sepharose in order to com- 
pare their relative performance. The advantage of using the 
preactivated Sepharose was that it avoided the local use of 
cyanogen bromide, which is toxic. 

Measurement of light -emission 

Photomultiplier tube. A luminometer designed and built in 
the laboratory, and based on a side-window photomultiplier 
tube (EMI type 9781A, 94 PA/lumen) and having facilities 
for automatic iniection of reagents into reaction cuvettes, 
was used to measure the light~emission.” 

Photoaraohic film. Polaroid Land film type 612 (ASA 
20000) was- used in conjunction with a mask containing 6 
plastic tubes (44 x 11 mm diameter) as described pre- 
vious1y.s Exposure times of up to 2 min were used. Photo- 
graphic results were assessed visually. 

Assays 

ATP. The principle of the assay is shown in equation (4): 

ATP + luciferin + 0, firrRy ‘Wiferav ) ADP + oxyluciferin 

+ inorganic pyrophosphate + CO, + light (4) 

A series of ATP standards was prepared by serially diluting 
an aqueous stock solution (2mM) in glycylglycine buffer 
(25mk, pH 7.8). Stock assay mixturecomprised 8 ml of 
dvcvlelvcine buffer (25mM. nH 7.8). 1.0 ml of magnesium 
%o*tidk solution (O.-W, pH 7.8), and 0.8 ml of aqueous 
luciferin solution (1mM). A lo-p1 sample of an ATP 
standard and 10 ~1 of a suspension of immobilized firefly 
luciferase were placed in a 10 x 10 x 45 mm cell and the 
reaction was initiated by injecting 1.0 ml of assay mixture. 
Peak light-emission was recorded. 

NACH. The principle of the assay is shown in equations 
(2) and (3). A series of NADH standards was prepared by 
serially hihrting an aqueous stock standard (?!mk) with 
distilled water. A decanal-water emulsion was prepared by 
shaking 5 ml of decanal with 10 ml of distilled water. This 
was prepared daily and stored at W”. Stock assay mixture 
comprised 100 ~1 of decanal emulsion, 200 ~1 of aqueous 
FMN solution (0.15mM) and 10 ml of phosphate buffer 
(0. lM, pH 7.0). A lo-,ul sample of an NADH standard, and 
10-50 ~1 of co-immobilized bacterial luciferase and 
NAD(P)H:FMN oxidoreductase were placed in a cell and 
the reaction was initiated by injection of 1.0 ml of assay 
mixture. Peak light-emission was recorded. 

Cholyl glycine. The principle of the assay is shown in 
equations (l)-(3). A series of cholyl glycine standards was 
prepared by serial dilution of a stock standard (O.lmM) 

with distilled water. A IO-p1 sample of a standard and l&50 
pl of a suspension of co-immobilized bacterial luciferase, 
NAD(P)H:FMN oxidoreductase, and 7a-hydroxysteroid 
dehydrogenase were placed in a ccl1 and the reaction was 
initiated by injecting 1.0 ml of an assay mixture prepared by 
mixing 1 ml of aqueous NAD solution (2OOmM), 200 ~1 of 
aqueous FMN solution (O.l5mM), 100 p 1 of decanal emul- 
sion and 10 ml of TES buffer (O.O5M, pH 7.0). Peak 
light-emission was measured. 

Ethanol. The principle of the assay is shown in equation 
(5). 

ethanol + NAD 

+ acetaldehyde + NADH (5) 

NADH + light 

A series of alcohol standards was prepared by serial dilution 
of an aqueous stock standard (O.lmM) in distilled water. A 
lo-p1 sample of an alcohol standard, 25 ~1 of a suspension 
of alcohol dehydrogenase immobilized onto agarose to.1 
g/ml in TES buffer (O.O5M, pH 7.0)], 10 ~1 of a suspension 
of co-immobilized bacterial luciferase and NADH: FMN 
oxidoreductase and 10 ~1 of aqueous NAD solution 
(20mM) were mixed together in a cuvette and incubated at 
room temperature for 2 min. This incubation time was 
increased to 5 min when plasma or whole blood was used. 
The bioluminescent reaction was initiated by injecting 1 ml 
of an assay mixture comprising 100 ~1 of decanal emulsion, 
200 ~1 of aqueous FMN solution (0.15mM) and 10 ml of 
TES buffer (O.O5M, pH 7.0). Peak light-emission was 
recorded. 

In assays using photographic film to detect light-emission 
the volume of assay mixture added to initiate the bio- 
luminescent reaction was reduced to 400 p I in order to keep 
the level of glowing reaction mixture below the top of the 
mask and thus eliminate exposure of other areas of the film. 

Accelerated thermal stability study 

A suspension of the immobilized enzymes (1 ml) was 
incubated at 50” in a water-bath. Samples were removed at 
various times and the remaining enzyme or coupled enzyme 
activity was measured by using a lo-p1 sample of the 
appropriate standard with the highest concentration. 

RESULTS AND DISCUSSION 

The efficiencies of the coupling of the enzymes to 
the activated Sepharose, the lower limits of detection 
of the various substrates and the linear ranges of 
detection (Table 1) were similar to those previously 
reported.‘.3,4.‘2 Freshly prepared CNBr-activated Se- 
pharose produced a more active immobilized enzyme 
preparation, as judged by the detection limit for the 
particular analyte, than the commercially available 
material. This was not due to a difference in the 
capacity of the activated Sepharoses, since the 
efficiency of coupling, determined by loss of protein 
from the enzyme coupling mixtures, was 5-10x lower 
for the freshly activated Sepharose. The difference 
may arise from the surface concentration of reactive 
groups being higher on freshly activated than on 
preactivated Sepharose, which would lead to multiple 
attachments between the Sepharose surface and en- 
zyme molecules and hence less protein denaturation 
and loss of enzyme activity. 
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Table 1. Linear ranges and detection limits for bioluminescent analysis,. obtained by use of a photomultiplier tube or 
photographic film to detect light emission 

Photographic 
Photomultiplier tube film 

Coupling detection limit,* pmole detection 
efficiency, limit,? 

Immobilized enzymes % Analyte A B Linear range pmole 

Firefly luciferase 86-96 ATP 0.02 0.2 0.02-20000 2 
Bacterial luciferase, 
NAD(P)H:FMN oxidoreductase 85-95 NADH 2 20 2-2000 200 
Bacterial luciferase, 
NAD(P)H: FMN oxidoreductase, 
7a-hydroxysteroid dehydrogenase 80-95 cholyl 50 50 50-5000 50 

glycine 
Bacterial luciferase and 
NAD(P)H:FMN oxidoreductase 
-alcohol dehydrogenase 8>95 ethanol 1 - t-1000 1 

*Detection limit; amount of analyte giving twice background light-emission; A, freshly activated; B, preactivated cyanogen 
bromide Sepharose. 

tThe amount of analyte giving a photographic response (assessed visually) greater than that given by the blanks. 

The thermal stability of the various immobilized 
enzyme preparations was greater on preactivated 
Sepharose (Fig. 1); it must be remembered that the 
initial enzyme activity of these preparations was 
much lower (by a factor of about 10) than that of 
those prepared from freshly activated Sepharose. 

The lower limits of detection obtained for the 
various analytes by using instant photographic film 
are summarized in Table 1. A film with a speed of 
20000 ASA was used, as this was the fastest and 
therefore the most sensitive instant film available. 
Generally, the detection limits were inferior (by a 
factor of 100) to those obtaining by using a photo- 
multiplier tube as the detector, but nevertheless they 
were much lower than those for conventional assays. 
Detection limits obtained by using the two types of 
detector are not strictly comparable, as with the 
photomultiplier tube a peak light-emission was mea- 
sured whereas with the photographic film the degree 
of exposure is a measure of the total light emitted. A 
feature of the light-emission from reactions involving 
immobilized bioluminescent enzymes is that they 
produce a steady glow rather than a flash of light 
(Fig. 2). This feature makes it possible to initiate the 
reaction before placing the cell in front or on top of 
the detection system. Exposure times of up to 2 min 
were used and an example of an ATP assay exposed 
for 30 set is presented in Fig. 3. The imprecision of 
the assay and the insufficient exposure latitude limits 
the discrimination between different amounts of ATP 
and thus no attempt was made to determine the real 
threshold, which lies between 2 and 20 pmole. Thus 
in its present form this type of assay is best used as 
a “threshold” or “screening” test, e.g., the detection 
of the presence of > 20 pmole of ATP in a specimen. 
Biological specimens were also analysed. Ethanol 
present in either whole blood or plasma could be 
detected photographically in a lo-p1 sample, down to 
levels of 20 mg/lOO ml (4.3mM). The presence of 
proteins and cells reduced the light-emission but the 

20 40 60 80 

TIME (min) 

Fig. 1. Thermal stability study (50”) of bacterial luciferase, 
NADH:FMN oxidoreductase and ‘la-hydroxysteroid dehy- 
drogenase co-immobilized onto (A) preactivated, and (B) 
freshly activated cyanogen bromide Sepharose 4B. Activity 
of the coupled enzymes was assessed by using cholyl glycine. 

TIME ( min 1 

Fig. 2. Time course of light-emission from the reaction of 
2000 pmole of NADH with co-immobilized bacterial lu- 

ciferase and NADH : FMN oxidoreductase. 
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ATP ( pmoles 1 stant” film are both rapid and sensitive. This type of 
assay is widely applicable since it is possible to base 
the determination of a range of NAD- and ADP- 
dependent enzymes and their substrates on the bio- 
luminescent firefly or bacterial luciferase reactions. A 
limitation of the photographic detection system is the 
restricted exposure latitude of currently available 
instant film, which limits this to a threshold-type test, 
but in the authors’ opinion this is far outweighed by 
the simplicity of the detection system. 
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2- 

BLANK - 

Fig. 3. Photographic determination of various amounts of 
ATP by using immobilized firefly luciferase (exposure time, 

30 set). 

photographic system was still sufficiently sensitive to 
make it a usable method for screening for alcohol in 
blood. 

CONCLUSIONS 

Luminescent assays based on immobilized and 
co-immobilized bioluminescent enzymes and photo- 
graphic detection of light-emission by means of “in- 

of the De- 
gratefully ac- 
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Summary-The breakdown voltage has been found to be dependent on the gap width between the 
electrodes and on the melting point of the sample elements in spark-source mass-spectrometry (SSMS). 
The number of discharges per pulse train and the time required to reach the first discharge depend only 
on the chosen breakdown voltage. The spark gap is proportional to the “radius” of the volume sampled 
(for a given element) and this radius is linearly related to the reciprocal of the melting point of the elements 
(23 different elements, metals or semiconductors), when fixed spark-parameters are used. The effect of 
electrode temperature on material consumption can be qualitatively explained by a fictive increase or 
decrease in melting point of the element. Knowledge of the relations between the different spark and 
instrumental parameters and the volume or weight of sample consumed can be applied to the study of 
the homogeneity of samples, to in-depth analysis by SSMS and to the analysis of microsamples. 

It is necessary to know the amount of material 
consumed during spark-source mass-spectrometric 
analysis and to know the influence of different spark 
parameters on the weight loss of the electrodes, in 
order to arrive at an adequate understanding of the 
erosion by the spark and at a better evaluation of the 
effect of sample heterogeneity, and before attempting 
the analysis of thin solid films and microvolumes. 

Derzhiev et al.’ have recently discussed the use of 
spark-source mass-spectrometry (SSMS) for the anal- 
ysis of thin solid films. SSMS may have some advan- 
tages over other surface-analysis techniques (AES, 
RBS, SIMS, ESCA) when the microvolume has to be 
checked for nearly all elements of the periodic table 
simultaneously, the roughness of the sample surface 
prevents the application of other techniques, and 
better than semi-quantitative results are required 
though no suitable standards are available. Since it is 
possible’ to keep the spark penetration depth below 
0.1 pm, SSMS can be used for surface analysis and 
depth profiling and is more promising than sputtering 
techniques when layers of > 5 pm thickness are to be 
analysed. 

EXPERIMENTAL 

Measurements were performed with a double-focusing 
spark-source mass-spectrometer (JMS-01 BM-2, JEOL, 
Tokyo), equipped with an automatic spark-control system 
(MS-AS-01, JEOL). 

As a measure of the breakdown voltage (I&,), the selected 
“anode voltage” was multiplied by the chosen spark level of 
the automatic spark controller (100% electrodes not spark- 
ing; 0% short circuit). The effective gap voltage is approxi- 
mately 15 times this “breakdown voltage”. 

The spark gap was determined by measuring the distance 
between the electrodes at which stable sparking at a given 
V,, changed to short-circuit. The time required to reach the 

first breakdown of each pulse train and the number of 
breakdowns per pulse train were determined by analysing 
the oscillograms of the voltage between the electrodes, 
stored in a fast-memory oscilloscope. 

The weight loss of the electrodes sparked in an “as 
constant as possible” configuration in the ion-source was 
determined by weighing them before and after collection of 
a lOO-nC charge. The time needed to collect this charge was 
also measured for each sample. 

The influence of the width of the main slit on the times 
required to collect a charge of 1 nC was also investigated, 
with the position of the electrodes kept rigidly constant. 

Three kinds of electrode geometry were used: graphite 
powder pressed in the form of cylinders (diameter 2 mm); 
for diamond. Al. Si. Ti. V. Fe. Co. Ni. Cu. Zn. Ge. Zr. MO. 
In, Sn, Sb, W, Au and pb:rods (cross section 2’x 2’mm); for 
Rh, Ag, Ta and Re: thin plates (0.1 mm thickness x 2 mm 
width). Most of the elements were more than 99% pure. In 
addition, rods (2 x 2 mm) of the following alloys were 
studied: CuBe (cu. 10 atom% Be), AlZn (25, 50 and 75 
atom% Zn). The spark parameters were (unless otherwise 
stated): V,,, 3.2 kV (80% spark level), repetition frequency 
3 kHz, pulse width 20 psec. The slit settings were constant: 
main slit 20 k 5 pm, G(- and b-slits 0.7 mm. 

RESULTS AND DISCUSSION 

For Al, Zr, MO and Au the gap width (g) was 
measured as a function of U,,, and gave the re- 
lationship 

U,, = ago.6’ (1) 

The relative standard deviation (rsd) of the exponent 
of g was 8% and the value of 0.61 is in excellent 
agreement with that obtained by Slivkov* and by 
Germain and Rohrbach,3 namely 0.625. The de- 
pendence of the gap width on the breakdown voltage 
is illustrated in Fig. 1 for some elements (our relative 
gap-width unit corresponds to about 7 pm). The 
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Fig, 1. Dependence of spark-gap width (relative units) on 
breakdown voltage for Al, Zr, MO and Re. 

relationship is practically linear in the range l&100 

p*. 
From Fig. 1 it is clear that the gap width, at a given 

breakdown voltage, depends on the metal sparked, as 
has been reported by Ito et cd4 Therefore, the gap 
widths measured at constant values of Us, were 
correlated with different physical parameters of the 
metals, The best correlation was found between g and 
the melting points (T,, K) of the elements and the 
following equation could be derived: 

g = bU;;/T, (2) 

The rsd of b was 19% (8 data points, for the elements 
Al, Ti, Cu, Zr, MO, Rh, Re and Au). In Fig. 2 the 
relation between the gap width and the reciprocal of 
the melting point is shown for these 8 elements at a 
breakdown voltage of 3.2 kV. Similar relationships 
were also observed between g and T,,, for breakdown 
voltages of 2.4 and 4.0 kV. 

l*r 

10 c 

Davies and Biond? measured the influence of 
initial anode and cathode temperatures on the break- 
down voltage. Breakdown was seen to be completely 
independent of the local cathode-emitter tem- 
perature, but in all cases took place when the local 
temperature in the heated spot of the plane copper 
anode reached a critical value of 1100 & 150 K. This 
temperature is about 250 K lower than the melting 
point of copper. Observations from arc melting mea- 
surements showed that surface melting already occurs 
at 200-300 K below the melting point of the metal.6 
These observations suggest that a relation between g 
and (T, - 250) would be more appropriate. 

The energy liberated per spark pulse (E) is 
assumed’ to be proportional to Vi,; in order to 
correlate this energy with the volume of electrode 
material sampled per pulse or with the number of 
atoms consumed per pulse, it is necessary to know the 
number nP of pulses (discharges) per pulse train, as a 
function of Us,. Therefore, the oscillograms for Au, 
obtained at different U&-values, were analysed, the 
repetition frequency and the pulse width being kept 
constant (3 kHz and 20 ysec respectively). In Fig. 3 
the results of such measurements are shown. The 
following relationship is valid in the region from 1 to 
5 kV: 

*p = ClUbr (3) 

For the 5 measurements the rsd of c was 10%. The 
same constant c was also obtained for MO, indicating 
that c is an instrumental parameter. 

The time necessary to reach (from the onset of the 
RF-voltage) the first breakdown of a pulse train (tbr) 
was also measured. For gold electrodes, a linear 
relationship between t,, and U,, was obtained: 

tbr = d + eU,, (4) 

A correlation coefficient of 1.00 for 6 pairs of values 
of tbr and U,,, was obtained. Again, MO yielded results 
identical with those for Au. In Fig. 4 the relation 
between tbr and U,, is illustrated. 

The weight loss of Al, Cu, CuBe and Au electrodes 
was measured as a function of U,, , with the repetition 
frequency and pulse width kept constant (3 kHz, 20 
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t” 4 
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1 
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104/Tm (K) 
Fig. 2. Relationship between gap width (1 relative unit is 
about 7 pm) and melting point for 8 metals measured at 
constant spark parameters (Us, 3.2 kV, repetition frequency 

hk’ I I I 
0 0.4 0.6 0.6 1 .o 
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3 kHz, pulse width 20 psec). 
Fig. 3. Number of discharges per pulse train as a function 

of breakdown voltage. measured for Au electrodes. 
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Fig. 4. Time taken to reach the first discharge (after the 
onset of the radio frequency voltage) as a function of 

breakdown voltage, measured for Au electrodes. 

~sec). The gap width and the number of pulses per 
pulse train for these experimental conditions were 
calculated by using equations (2) and (3). Hence, 
from the time needed to collect a charge of 100 nC, 
the volume of Al, Cu, CuBe or Au sampled per pulse 
can be calculated. These results are listed in Table la. 
As stated above, the energy of each pulse was as- 
sumed to be proportional to Vi, and was correlated 
with the volume loss per pulse. The data were fitted 
to the equation 

E =f@m3/pulse)” (5) 

The values off, h and the correlation coefficients for 
the different metals investigated are listed in Table lb. 
A mean value of 0.40 (standard deviation 0.07) was 
obtained for h. It should be noted that this equation 
only describes the relation between the energy per 
pulse and the volume effectively lost per pulse. The 
fraction of material originally vaporized but condens- 
ing later on the electrode surfaces could not be taken 
into account in the experimental approach. In this 
context it should be noted that variation of the angle 
between two identically shaped copper electrodes 
from 0” to 120” did not result in a measurable 
difference in volume consumed per pulse, indicating 
that the effect of condensation is not important for 
weight-loss studies. Combination of equations (1) 
and (5) then leads to 

g = k (pm3/pulse)0,33 = kr (6) 

i.e., there seems to exist a direct proportionality 
relationship between the gap width g (in pm) and the 
“radius” r (in pm) of the sampled volume per pulse. 
The standard deviation of the exponent 0.33 in 
equation (6) was 0.07. 

The weight loss of different metals, for collection of 
a charge of 100 nC, was measured, at constant spark 
parameters (U,, , repetition frequency, pulse width) 
and slit settings. The results of these measurements 
are given in Table 2. A log-log plot of the volume or 
number of atoms consumed per pulse train (pulse) us. 
various physical parameters resulted in straight line 

relationships. The best correlation was found with the 
melting point. In Fig. 5 a log-log plot of the number 
of atoms consumed per pulse train us. the melting 
point is given. None of the points deviates from the 
straight line by a factor greater than 2. 

However, we know from equation (2) that there 
exists a relationship between g and l/T,,, and from 
equation (6) that g and r are correlated, hence we can 
try to relate r to l/T,: 

r = l/T,,, (7) 

For the 22 elements investigated (other than carbon), 
an rsd of 21% was obtained for I, and a correlation 
coefficient of 0.96 between r and l/T,,,. This is very 
satisfactory and no better correlation coefficients 
were obtained between r and other physical parame- 
ters: 0.68 vs. reciprocal of the boiling point, 0.55 vs. 
heat of melting, 0.67 vs. heat of vaporization, 0.75 vs. 
heat of sublimation, 0.43 us. vapour pressure at 1600 
K. This relationship (r us. reciprocal of the melting 
point) is illustrated in Fig. 6 and the results are 
summarized in Table 2. 

It is very surprising that the material consumption 
is independent of the vapour pressure of the elements. 
For example, Sn and Zn differ by a factor of 10” in 
vapour pressure at their melting point, but the mate- 
rial consumption seems to be solely dependent on 
their melting point, judging from the agreement with 
equation (7) (Table 2). This probably means that 
there is no direct or initial evaporation of material 
from the solid electrodes. The elements, sparked as 
filaments, systematically yielded too high values for I 
(Table 2), the average difference being +36x from 
the mean value of I calculated for the other 21 
elements. This, we think, is due to poor heat dissi- 

Table la. Volume of material consumed per pulse at vari- 
ous breakdown voltages 

Volume consumed, pm ‘/pulse 
ubr, 
kV Al cu CuBe Au 

4.3 405 
4.2 206 
4.0 40.2 50.5 
3.7 220 
3.6 27.3 33.9 
3.5 143 
3.2 87 17.1 15.6 58 
2.8 45 9.2 8.3 
2.7 17 
2.4 3.7 3.1 
2.1 18.6 1.5 3.2 
1.4 2.6 
1.1 0.15 

Table lb. Factors from equation (5) 

Factor Al Cu CuBe Au 

i 
1.17 3.47 3.72 2.51 
0.487 0.404 0.362 0.338 

r* 0.994 0.993 0.998 0.992 

*Correlation coefficient. 
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Table 2. Material consumption in the analysis of elemental metals and 
semi-conductors 

Weight loss, 
Electrode mg/lOO nc Volume consumed, Sparking 
material (2 electrodes) pm’lpulse train behaviourt 

C (graphite) 2.8 360 S 
C (diamond) 0.4 13 S 

Al 7.9 337 S 
Si 4.9 39 B 
Ti 1.6 41 S 
V 1.1 33 S 
Fe 2.1 30 S 
co 3.1 21 S 
Ni 1.9 33 S 
cu 9.0 79 S 
Zn 64.1 849 B 
Ge 8.4 376 S 
Zr 3.2 74 S 
MO 4.7 20 S 
Rh 4.3 36 S 
Ag 16.6 335 S 
In 100.3 1368 B 
Sn 84.5 2038 B 
Sb 36.2 563 B 
Ta 5.1 25 S 
W 1.3 7 S 
Re 6.0 23 S 
Au 17.1 137 S 
Pb 102.5 864 B 

*Spark parameters: Us, 3.2 kV, repetition frequency 3 kHz, pulse width: 
20 psec. 

tS = stable, B = bad. 

pation and thermal contact to the bulk. The very which leaves the surface and evaporates on its way to 
large positive deviation observed for graphite powder the cathode (Davies and Biondi modeP); for graphite 
may point to a different mechanism of sampling of powder, the material may be torn off as a solid 
material by the spark. Probably, for metals, the particle (Cranberg model’). 
surface needs to be melted in order to form a “drop” Three observations may be made. 

Id’ 

26 2.6 3.0 3.2 3.4 3.6 

log T, (K) 

Fig. 5. Number of atoms consumed per pulse train vs. melting point at fixed spark parameters (U,, 3.2 
kV, repetition frequency 3 kHz, pulse width 20 psec). 
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1. It is possible to spark graphite electrodes at 

moderately low Us, values, compared with those used 
for elements having nearly the same melting point. 

2. Photomicrographs of the sparked area (metal- 
lographic microscope, scanning electron microscope) 
show, for all metallic samples, very strong evidence 
for a molten surface, whereas this can not be con- 
cluded for sparked graphite electrode surfaces 
(Fig. 7). 

3. For carbon in the form of diamond the sampled 
volume is in much better agreement with equation (7) 
(Fig. 6). It is to be expected from the phase diagram 
of carbon that the surface of a diamond electrode will 
become graphitized during sparking but probably the 
resulting graphite layers will be more coherent than 
in an electrode of compressed graphite powder. In 
any case, the experimental data for diamond are in 
much better agreement than the graphite data with 
those for other elements. 

Besides studying the material consumption for 
pure metal matrices, we also investigated the weight 
loss during sparking of AlZn alloys, containing 25, 50 
and 75 atom% Zn. The values of r obtained after 
sparking under the standard experimental conditions 
obeyed the relationship given in equation (7). This is 
also illustrated in Fig. 6. 

The effect of electrode temperature on material 
consumption was also investigated. The weight loss 
of 7 metals, sparked under the experimental condi- 
tions described, was measured, the electrode holders 
being cooled with liquid nitrogen. Assuming that the 
melting point of the elements studied here is virtually 
increased by this cooling, then we can calculate [using 
equation (7)] the radius and consequently the volume 
sampled for the different metals with and without 
cooling. The best agreement between experimental 
and calculated volume ratios (Table 3) was obtained 
assuming a virtual increase of melting point (with 
cooling) of 125 IL This is in good agreement with an 

experimentally measured temperature difference be- 
tween cooled and uncooled aluminium electrodes of 
113 K (measured 210 set after sparking), reported by 
Van Hoye’. 

For practical purposes it is necessary to know the 
weight loss per unit charge (expressed in nC), col- 
lected at the coulometer, for the given experimental 
conditions. The most important experimental param- 
eters determining the time per nanocoulomb collected 
at fixed spark parameters, are the position of the 
electrodes with respect to each other and to the 
accelerating and main slits, the main slit-width and 
the a- and b-slit-widths. By measuring the time 
needed to collect 1 nC, as a function of the main 
slit-width (keeping all other spark parameters con- 
stant), we can calculate (using the data of Table la) 
the number of ions collected per number of atoms 
atomized (dn,). This approach was repeated at 
various breakdown voltages and the results are sum- 
marized in Tables 4a and 4b. It can be seen that the 
efficiency (ni/n,) increases with decreasing I&, (but 
analysis time increases) and with increasing main 
slit-width (but mass-resolution decreases). The opti- 
mum choice of experimental conditions depends on 
the particular analytical problem. 

APPLICATIONS 

Sample inhomogeneity 

The error in the determination of an element in a 
sample depends on the analytical error, the weight of 
the sample analysed and the nature and history of the 
sample. This has been dealt with by Ingamells and 
Switzer,’ who derived the equation 

R = loo,,&& (8) 

where R = relative standard deviation (%) for the 
determination of one component (“error-free” ana- 
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(a ) Table 3. Effect of cooling on material 
consumption 

Element R *(exp) R *(talc) 

In 2.0 2.2 
Sn 1.9 1.9 
Zn 1.6 1.6 
Ge 1.3 1.5 
Au 1.1 1.3 
CU 1.2 1.3 
MO 1.3 1.1 

*R = ratio of volumes consumed with- 
out and with cooling. 

lytical method), 4 = sampling constant and 
w = weight of analytical subsample. 

It is obvious from Tables 4a and 4b that if there is 
su%lcient sample material available, it is best to spark 
at high U,, values and narrow slit settings: this gives 
a compromise between speed of analysis, resolution 
requirements and material consumed, in order to 
reduce the effects of sample inhomogeneities [equa- 
tion @)I. 

For the analysis of complex matrices by SSMS, 
photoplate detection is imperative and consequently 
a number of exposures must be made for different 
total collected charges, and hence different weights of 
sample consumed. For determination of the elemen- 
tal concentrations, the results from the different 
exposures are used, each having its own subsample 
weight and inherent R. This is not commonly taken 
into account in SSMS analyses. If, on the other hand, 
one element has the same sampling constant in two 
different matrices, the relative standard deviation of 

Table 4a. Time per nanocoulomb collected, as a function of 
main slit-width for various breakdown voltages* 

Time for collection of 1 nC, set 

IX. kV 20t 40t 6Ot 1OOt 150t 200t 

I I 
IOpm 

(b) 

1.4 17 49 43 35 28 25 
2.1 44 32 20 15 12 11 
2.8 29 22 17 11 9 9 
3.5 23 13 10 7 6 6 
4.2 20 11 8 6 6 6 

IOOpm 

Fig. 7. Scanning electron micrographs of sparked areas. (a) 
Rhenium; (b) graphite. 

*Fixed parameters: a- and j-slit-widths 0.7 mm, pulse width 
20 psec, repetition frequency 3 kHz, sample Al. 

tMain slit-width, pm. 

Table 4b. Variation of q/n* with main slit-width for various 
breakdown voltages* 

lo* x (ratio of ions collected to atoms 
evaporated), (q/n3 

U,,, kV 2ot 40t w 1007 15ot 200t 

1.4 2.3 3.6 4.1 5.1 6.3 7.1 
2.1 0.76 1.0 1.7 2.2 2.8 3.1 
2.8 0.71 0.92 1.2 1.9 2.3 2.6 
3.5 0.35 0.62 0.81 1.2 1.3 1.3 
4.2 0.34 0.62 0.85 1.1 1.1 1.2 

*Fixed parameters: a- and j-slit-widths 0.7 mm, pulse width 
20 psec, repetition frequency 3 kHz, sample Al. 

tMain slit-width, pm. 
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its determination may depend critically on the weight 
of the subsample in both matrices. 

Depth proJile analysis 

From our results, it is possible to estimate the 
depth eroded, in the case of two identical electrodes: 

VFt 10’2 w 

d=2A=- PA 
(9) 

where d = depth eroded @m), V = volume con- 
sumed per pulse train under the given experimental 
conditions @m3/pulse train), F = repetition fre- 
quency (Hz), 2 = factor taking into account that only 
one electrode is considered, t = erosion time (set), 
A = area over which the electrode is sparked bm*), 
W = weight loss of the material (one electrode) and 
p = density of metal studied (g/cm3). 

We have observed that the weight loss per pulse 
train is independent of the repetition frequency. The 
effect of the pulse width was not investigated (all our 
measurements were made with a pulse width of 20 
psec). It is also important to note that in our 
spark-source mass spectrometer both electrodes gave 
the same weight loss. By using equation (9) and the 
results reported in Table la, we can select erosion 
rates ranging from a few nm/sec, or less, up to some 
pm/set, depending on the specific problem and sam- 
ple to be studied. This is a very wide dynamic range, 
which very few analytical techniques offer. It should, 
however, be noted that the minimum effective erosion 
depth is limited by the depth obtained with a single 
discharge’ and the problem of depth resolution is not 
taken into account. 

As an application we have measured the depth 
distribution profile of magnesium in aluminium, ob- 
tained by annealing an Al-AlMg diffusion couple at 
462” for 525 hr. The magnesium profile in this 
particular sample is well known from lateral SIMS 
measurementslo and extends over more than 2 mm. 

For SSMS depth profiling, pure aluminium was used 
as a counter-electrode. The diffusion couple and the 
pure aluminium electrode were machined, and bars of 
10 mm length, 1.0 mm thickness and 2.3 mm width 
were obtained. The erosion rate of both electrodes 
was estimated from the results in Table la. The 
volume loss per pulse was the same for both the Al 
and AlMg (3 atom% Mg) electrodes, within experi- 
mental error. The depth analysis was performed by 
using electrical detection in the magnetic peak- 
switching mode. The experimental parameters se- 

Table 5. Analysis of doped graphite 
samples by SSMS* 

Amount found, ppm 

Element Normal Micro 

K 2.0 x lo4 4.2 x 104 
Ca 2.5 x lo4 1.2 x 104 
Ti 0.25 0.16 
V 0.20 0.31 
Cr 0.21 0.36 
Mn 6.8 2.1 
Fe 85t 85t 
cu 1.0 0.81 
Zn 2.1 4.4 
Ga 3.4 1.6 
Ge 8.3 13 
As 4.4 2.9 
Rb 69 63 
Sr 620 260 
MO 4.5 3.9 
Cd 0.89 g1.2 
Sb 0.49 GO.69 
cs 130 130 
Ba 32 78 
W 23 17 

*Spark parameters: normal, U,, 2.8 
kV, repetition frequency 3 kHz, 
pulse width 20 psec; micro, U,, 1.6 
kV, repetition frequency 1 kHz, 
pulse width 20 j~sec. 

tIntema1 standard element (deter- 
mined by instrumental neutron- 
activation analysis). 
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lected were U,, 3.8 kV, repetition frequency 3 kHz, 
pulse width 20 psec, accelerating voltage 29 kV, main 
slit-width 100 pm, cc- and /?-slit-widths 2 mm, col- 
lector slit-width 500 pm. The collector current of the 
24Mg+ isotope was integrated until a charge of lo-” 
C was collected at the total ion-beam monitor. The 
time per measurement point was about 10 sec. 

By weighing the sample electrode before and after 
analysis it was possible to convert time into depth. 
The result of our measurements is shown in Fig. 8 
and is compared with the previously obtained profile 
from lateral SIMS analysis. Fair agreement is ob- 
tained, the diffusion coefficient from our SSMS anal- 
ysis being 7.6 x lo-” cm2/sec, whereas with SIMS a 
value of 8.6 x lo-” cm*/sec was found. 

One difficulty associated with our measurements 
was that the counter-electrode had to be polished 
after some time of sparking, in order to maintain flat 
surfaces. This may become unnecessary if more re- 
fractory counter-probes are used. 

Analysis of “microsamples” 

With the help of the results reported above, the 
minimum volume or weight of a sample needed for 
analysis can be calculated and the appropriate spark 
parameters selected (low U,, values, slit settings as 
wide as possible). We were able to analyse 5-mg 
samples of graphite electrodes doped down to the 
sub-ppm level.” The results and spark parameters of 

a comparative study (“normal” US. “micro”) are 
summarized in Table 5. 
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Summary-An ion-exchange separation followed by spectrophotometric determinations is applied to some 
metamict minerals. These minerals, containing very high amounts of elements which present some 
problems to the analyst, such as uranium, titanium, niobium and rare-earth elements, are fused with 
potassium bisulphate, and the cooled melts dissolved in sulphuric acid. The solutions are passed through 
a series of three ion-exchange columns to separate those mineral-forming elements for which the 
calorimetric procedures suffer interference from the elements listed above. The procedure has been tested 
with a synthetic solution and with solutions of the minerals. 

The term “metamict” means “after-mixed”, implying 
either the rearrangement of the original structure to 
a new amorphous structure, or denoting an unusual 
noncrystalline condition for certain minerals of com- 
plex composition containing uranium and/or tho- 
rium, which in the course of time have passed from 
a truly crystalline state to an amorphous state.‘*2 
Generally metamict minerals are chemically com- 
plex.-’ They characteristically show large-scale hetero- 
valent isomorphism in both the cationic and anionic 
parts of their structures. Metamict minerals occur as 
oxides, phosphates and silicates. Most are multiple 
oxides containing niobium, tantalum and/or ti- 
tanium. Owing to their particular properties, the 
identification of metamict minerals is difficult, and 
various physical and chemical methods have been 
tried, but many of them have limited efficiency.4 On 
account of the complexity of the chemical com- 
position of these minerals, complete chemical anal- 
yses are difficult and may be lengthy. Ti, Nb, U, Ta, 
Th, Zr and rare-earth elements (REE) are the major 
elements present. s,6 Unfortunately these elements are 
the least sensitive for determination by atomic- 
absorption spectrophotometry, which is one of the 
most powerful and selective techniques in inorganic 
analytical chemistry. The best analytical methods for 
these elements in terms of sensitivity and accuracy are 
spectrophotometric: titanium with tiron,‘.’ niobium 

and tantalum with PAR,9 zirconium, thorium, ura- 
nium and lanthanides plus yttrium with Arsenazo 
III.‘s’3 Unfortunately there is mutual interference 
between these elements when these procedures are 
used. Moreover, because of the scarcity of these 
minerals, the analysis is ideally done on a single 
portion of sample. Hence two problems must be 
solved in reaching a complete chemical identification 
of these minerals: first, the complete dissolution of 
the sample, and second, the elimination of the inter- 
ferences. 

Sample dissolution 

Acid decomposition is unable to dissolve the oxides 
of all the refractory elements present in metamict 
minerals such as betafites. When it is used, it is 
usually necessary to collect the insoluble residue, 
ignite it and fuse it with sodium carbonate or another 
suitable flux.14 However, this may introduce into the 
solution a large amount of foreign ions which will 
interfere in the subsequent separation and deter- 
mination procedures. 

Hitchen and Zechanowitsch” have used several 
procedures for the decomposition of low-grade ura- 
nium ores, including potassium pyrosulphate fusion 
followed by leaching with dilute sulphuric acid, which 
BockI considers the most powerful method for dis- 
solving refractory and rare-earth oxides. We have 
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Fig. 1. Scheme of separation procedure. 

chosen to use this last method partly because of its 
power, and partly because it gives a convenient 
solution matrix for the subsequent separation. 

Zon -exchange separations 

Several authors’4*‘5,‘7-24 have studied separation 
methods for complex mixtures of REE, zirconium, 
hafnium, thorium and scandium, based on solvent- 
extraction with tri-n-butyl phosphate or liquid anion- 
exchangers in malonate media. However, these 
procedures generally relate only to pure solutions of 
these metals or present some difficulties in extraction 
of one or more of these elements when they are all 
present in the sample. 

Ion-exchange seem to be the most powerful tech- 
nique for complete separation of these elements in a 
single sample. 

Because of the decomposition procedure chosen we 
examined only the separation procedures using sul- 
phuric acid media, and some other schemes2s27 for 
the isolation of refractory or rare-earth elements in 
rocks and minerals were not considered. Kiriyama 
and Kuroda2’ have described an ion-exchange sepa- 
ration of zirconium, thorium and uranium in silicate 
rocks, followed by determination with Arsenazo III. 

The sample, dissolved in sulphuric acid, was passed 
through an anion-exchange column, and Th, Zr and 
U were successively eluted with sulphuric, hydro- 
chloric and perchloric acids. In this procedure Ti, 
REE and (presumably) Y, and the silicate matrix are 
not retained; no mention was made of the behaviour 
of niobium and tantalum (which are main constitu- 
ents of betafite minerals). 

Strelow and Bothma described an anion- 
exchange separation on a strongly basic resin for 
elements in sulphuric acid medium and gave the 
anion-exchange equilibrium coefficients for 52 ele- 
ments. The coefficients for elements with strong hy- 
drolytic tendencies, such as tantalum and niobium, 
were determined for media containing hydrogen per- 
oxide. Elution curves were given for the systems 
Y(III)-Th(IV)-U(VIbMo(V1) and Th(IV)-Hf(IV)- 
Zr(IV)-Mo(V1) to demonstrate the potential of the 
system. 

The chromatographic behaviour of species such as 
Ti(IV), Fe(II), Fe(III), REE(II1) and Y(II1) may be 
inferred from the separations described in a previous 
paper.30 The separation procedure reported earlier for 
use in the determination of barium in silicates allows 
complete separation of the major and minor elements 
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(such as titanium and iron), present in a common 
silicate rock, from a group of trace elements, includ- 
ing yttrium and rare-earth elements (plus strontium 
and barium). The entire separation is done on a 
cation-exchanger and allows accurate determination 
of titanium (in presence of large amounts of iron) and 
of the REE plus yttrium. The yttrium can be sepa- 
rated from the individual REE if desired,3’ but this 
can be omitted to simplify the procedure. 

Separation procedure 

The proposed separation scheme (shown in Fig. 1), 
is based on the three procedures2”30 mentioned 
above. 

The sample solution (in 0.2N sulphuric acid) is 
mixed with hydrogen peroxide to make the sepa- 
ration of elements such as niobium and tantalum 
easier.9,29 The solution is passed through a column of 
Dowex anion-exchanger: titanium, REE, yttrium and 
the major elements of the silicate matrix are not 
retained, and are collected on a Dowex cation- 
exchange column to separate REE and yttrium from 
the other matrix elements.30 

The elements retained on the anion-exchanger are 
successively eluted with various sulphuric acid media: 
niobium with 0.5N acid plus hydrogen peroxide, 
thorium with 1N acid, uranium and zirconium with 
3N acid and tantalum with 5N acid. Uranium and 
zirconium are separated on another anion-exchange 
column by successive elution with hydrochloric acid 
and perchloric acid. 28 These elements are then all 
determined spectrophotometrically. 

EXPERIMENTAL 

Reagents 
Triethanolamine buffer. Mix 15 g of triethanolamine and 

3.3 ml of concentrated nitric acid and dilute to 200 ml with 
water. 

“Niobium buffer”. Dissolve 40 g of ammonium acetate 
and 2.5 ml of glacial acetic acid with water and dilute to 
500 ml. 

“Titanium buffer”. Dissolve 136g of sodium acetate 
trihydrate in 1000 ml of water and add 390 ml of glacial 
acetic acid. 

Procedure 

Weigh accurately 1 g of finely powdered sample into a 
platinum crucible. Add about 3 g of potassium bisulphate 
and mix it with the sample. Insert the crucible in a suitably 
sized hole in an asbestos board (to avoid overheating of the 
walls) and heat it with a Bunsen burner until a clear melt 
is obtained. Allow the crucible to cool, add 3 ml of concen- 
trated sulphuric acid and warm until a clear solution is 
obtained. Cool, transfer this solution and 1 ml of 
lOO-volume hydrogen peroxide into a 500-ml standard flask 
and dilute to volume with water. 

Pass half this solution at a flow-rate of 3.5 k 0.05 ml/min 
through a borosilicate glass tube (15 mm bore) filled with an 
l&cm long column of Dowex 1 x 8 resin (200-400 mesh, 
sulphate form), and wash the column with 0.2N sulphuric 
acid/0.2% hydrogen peroxide solution, collecting the effluent 
in a Teflon beaker and then passing it through a column of 
Dowex 50W x 8, as described earlier.” 

Elute titanium and other matrix elements (i.e., iron, 

containing 20% v/v ethanol, and determine the titanium by 
the spectrophotometric tiron procedure.7.8 Elute yttrium 
plus REE with 4h4 hydrochloric acid and determine the 
whole group by the Arsenazo III procedure.‘3,37 

Elute the elements from the anion-exchange column 
successively, niobium with 1OOml of 0.5N sulphuric 
acid/0.2% hydrogen peroxide solution, then thorium with 
150 ml of 1 .ON sulphuric acid, uranium plus zirconium with 
200ml of 3.ON sulphuric acid and finally tantalum with 
lOOmI of 5N sulphuric acid. Determine niobium with 
PAR,9.32 thorium with Arsenazo 111,“~” and tantalum with 
PAR.9 Separate uranium and zirconium by passing their 
solution through another Dowex 1 x 8 column and eluting 
zirconium with 100 ml of 4M hydrochloric acid, and then 
uranium with 100 ml of 1M perchloric acid. Determine both 
with Arsenazo III.‘o,‘2 

RESULTS AND DISCUSSION 

The scheme was tested with synthetic sample solu- 
tions made from pure salts, with the elements in the 
concentration ratios expected for natural samples. 
The results obtained are summarized in Table 1. 

Table 1. Results of analysis of a standard solution with 
composition similar to “betafite” samples, by the ion- 

exchange procedure (6 replicates) 

Standard Mean 
Taken, Found, deviation, recovery, 

Element mg mg mg % 

Si 2.00 1.90 0.03 95.0 
Ca 
M8 
Fe 
Mn 
Pb 
U 
Th 
Ti 
Nb 
Ta 
Ce 
Zr 

1 .oo 
1.00 

100.00 
1.00 
1.00 

300.00 
5.00 

200.00 
300.00 

5.00 
5.00 
1 .oo 

1.00 
1.00 

98.60 
1.00 
1 .oo 

290.10 
5.10 

190.00 
294.70 

4.00 
5.00 
0.94 

0.01 100.0 
0.01 100.0 
0.10 98.6 
0.01 100.0 
0.01 100.0 
0.60 96.7 
0.30 102.0 
0.70 95.0 
0.80 98.2 
0.40 80.0 
0.70 100.0 
0.20 94.0 

Al 5.00 5.00 0.10 100.0 

Table 2. Chemical composition 
(“/,) of betafite samnles 

Bl B2 B3 

SiO, 1.80 0.25 0.20 
CaO 0.004 0.01 0.05 
MgO 0.02 0.10 0.10 
Fe203 10.40 1.72 1.36 
MnO 0.06 0.50 0.10 
PbO 0.82 0.80 1.20 
uo2 25.20 27.10 25.80 
l-ho2 0.80 1 .oo 1.50 
TiO, 16.00 20.80 18.10 
Nb@, 27.50 32.00 35.00 
Ta2-O; 0.80 1.20 2.00 
REE* 1.80 2.20 2.00 
ZrO, 0.30 0.60 0.80 
A12o3 4.20 0.12 0.38 
L.O.1.P 10.20 12.00 11.30 

Total 99.9 100.0 99.9 

*Expressed as Ce,O,. 
tLoss on ignition. 

sodium, potassium, calcium and magnesium) from the 
Dowex 50W x 8 with 250 ml of 3M hydrochloric acid 
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Three betafite samples were then analysed: Bl from 
the Ambatofotsy-Soavinandriana pegmatite of Mad- 
agascar, B2 from the Antsirabe-Vinaninkarena peg- 
matite and B3 from the pegmatite of Tongafeno 
Mountain (southern part of Betafo, Madagascar). 

The results (Table 2) show good agreement with 
the literature data. 

The minor elements, such as Si, Ca, Mg, Fe, Mn, 
Pb and Al, were determined by the classical pro- 
cedure and AAS. They are not important for betafite 
characterization, and were determined only in order 
to complete the analysis of the samples studied. 

The proposed method is useful for the chemical 
analysis of minerals (such as betafites) which are of 
great scientific and economic importance but present 
severe problems when analysed by purely instrumen- 
tal techniques. 
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Summary-Conditions for the formation and extraction of the thiocyanate complex of ruthenium are 
reported. Distribution coefficients of more than 10’ and a capacity of about 0.24 mole per kg of foam 
were obtained. The effect of the chloride salts of various univalent cations on the extraction of Ru(SCN):- 
indicated that the efficiency of ruthenium extraction depends on how well the cation fits into the polyether 
segment of the polyurethane foam, which agrees with the “cation-chelation” mechanism. The separation 
of ruthenium and rhodium indicated tha! more than 95% of the rhodium remained in the aqueous phase 
and about 95% of the ruthenium was retained by the polyurethane foam and could be easily recovered. 

The oxidation of ruthenium to the volatile tetroxide, 
followed by distillation, has been widely used for its 
separation from other platinum metals (except 
osmium).’ For preconcentration of the metal, the 
tetroxide can be extracted into carbon tetra- 
chloride,2a chloroform2 or mepasine.’ The chloro- 
complex can be extracted by means of various 
organophosphorus compounds” and amines.7-‘0 The 
thiocyanate complexes are also extractable.1’-‘5 

The separation of rhodium and ruthenium is of 
interest to radiochemists since rhodium is a daugher 
of ruthenium by beta decay. It is usually done by 
extraction of ruthenium tetroxide into carbon tetra- 
chloride.‘“‘* 

The purpose of the present work was to study the 
extraction of the thiocyanate complex of ruthenium 
by means of polyether-based polyurethane foam, and 
the separation of ruthenium from rhodium. 

EXPERIMENTAL 

99 f 1 mg of the foam was repeatedly squeezed in 95 ml of 
this solution for a minimum of 10 hr as described pre- 
viously.‘9 

The percentage extraction (%E) was calculated by mea- 
suring the metal concentration before and after extraction. 
The distribution coefficient (D, l./kg) was calculated from 
the concentration ratio of metal in the foam to metal left in 
solution. 

RESULTS AND DISCUSSION 

First we established the conditions for maximum 
formation of the ruthenium-thiocyanate complex 
in aqueous medium. A fixed amount of ruthenium 
(5.35 pmole) and appropriate amounts of the other 
reagents were diluted to about 30 ml, adjusted to 
pH 2.5 + 0.1, heated at 90” for the desired time, then 
immediately cooled in ice-water to room tem- 
perature. The violet-blue solution was then diluted to 
50 ml and its absorbance at 590 nm, which has 
been assigned to the Ru(SCN):- complex,2G22 was 
measured. 

Apparatus and reagents 

A Varian 634 spectrophotometer and a Fisher Accumet 
Varying the heating time for solutions containing 

model 520 DH-meter were used. 
30 mmole of thiocyanate (Fig. 1) indicated that heat- 

Ruthenium trichloride [RuC1,.3H,O] and sodium hexa- 
chlororhodate(II1) [Na,RhCl,. 12H,O] were supplied by 
Johnson-Matthey Chemicals Ltd. All other chemicals were 
of analytical grade. Polyether-type polyurethane foam 
(No. 1338 M) was obtained from G. N. Jackson Ltd, 
Winnipeg, Manitoba, and washed by the procedure 
previously reported.19 

A 2.5 x 1dw3M stock solution of ruthenium(III) was 
nrenared bv dissolving the chloride in O.lM hvdrochloric 
acid. A 3.OM stock solution of potassium thiocyanate was 
prepared in doubly distilled demineralized water. 

Extraction procedure 

A known volume of the stock ruthenium chloride solution 
and the desired amount of thiocyanate were mixed, diluted 
to about 60 ml, adjusted to pH 2.5 f 0.1 and transferred 
quantitatively to a lOO-ml standard flask. The solution was 
heated at 90” for a measured time, cooled to room tem- 
perature in ice-water and finally diluted to volume. Then 

05 
r 

TIME (mini 

Fig. 1. Influence of time of heating on the formation of 
ruthenium-thiocyanate complex. Time after solution prepa- 
ration: (0) immediately, (A) 1 day, (0) 2 days, (0) 9 days. 
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ing for 6 min is enough for maximum formation of 
the complex. With shorter heating times, complex 
formation was incomplete, and subsequent reaction 
at room temperature very slow, up to 9 days being 
required to reach an equilibrium value. This experi- 
ment also showed that the Ru(SCN& complex 
formed was stable for up to 9 days. In the presence 
of 100 mmole of lithium chloride in the reaction 
mixture, the absorbance at 590 nm was 0.353 with no 
heating, rising with heating time to a maximum of 
0.476 after 6 min of heating and then decreasing to 
0.445 after 9 min of heating. Since heating the 
solution for 6 min at 90” in presence or absence of 
lithium chloride is enough for the maximum for- 
mation of Ru(SCN):-, this was used as the optimum 
time for further studies. 

The effect of increasing the amount of lithium 
chloride present, on the formation of the complex in 
solutions containing 30 mmole of thiocyanate and 
heated for 6 min, was to increase the absorbance from 
0.451 with no lithium chloride added to 0.478 with 
100 mmole or more added. The presence of sufficient 
neutral salt is not only important in the formation of 
the Ru(SCN)i- complex, but was also recommended 
by Shlenskaya and Piskunov23 for obtaining constant 
and reproducible values of the absorbance in studies 
on the reaction of Ru(IV) with thiocyanate. 

Varying the hydrochloric acid concentration in 
solutions containing 15 mmole of thiocyanate caused 
a decrease in absorbance from 0.397 for 0.1 M hydro- 
chloric acid medium to 0.303 for 0.5M and 0.125 for 
1M acid (measured after filtration of the brownish 
cloudy solution). This decolorization of the solution 
has been attributed to decomposition of the 
ruthenium-thiocyanate complexn and to reduction** 
of Ru(SCN)i- to Ru(SCN)i-. The reduction process 
was confirmed in our study by the fact that addition 
of hydrazine hydrate to the violet-blue solution of the 
ruthenium-thiocyanate complex turned it yellow (the 
same change in colour in molten thiocyanate medium 
was observed by De Haas*‘). Addition of hydrogen 
peroxide to the yellow solution turned it back to 
violet-blue. 

Since ruthenium has a high tendency to hydro- 
lyse 24-27 the stability of the ruthenium-thiocyanate 
complex was studied in solutions containing 30 
mmole of thiocyanate and adjusted to different pH 
values with lithium hydroxide after preparation of 
the complex. The absorbance decreased from 0.453 at 
pH 2.5 to 0.398 at pH 5.5 and to 0.320 at pH 8.3. The 
solutions were therefore adjusted to pH 2.5 f 0.1 in 
the extraction studies. 

Extraction of ruthenium(lll) 

Under the optimum conditions for formation of 
the ruthenium-thiocyanate complex, a study was 
made of the effect of various parameters on the 
distribution of the complex between the polyurethane 
foam and the aqueous phase. The addition of hydro- 
chloric acid after the heating of solutions that were 

40 

t 

Fig. 2. Effect of hydrochloric acid (added after heating the 
solution) on ruthenium extraction. Thiocyanate concen- 

tration: (0) O.lM, (0) 0.4M. 

initially 0.4M in thiocyanate and 2M in lithium 
chloride (Fig. 2) caused a slow decrease from 83% 
extraction (log D = 3.67) with no hydrochloric acid 
added to 53% extraction (log D = 3.04) at 1M acid 
concentration. The absorbance of these solutions at 
590 nm indicated that Ru(SCN):- was stable at 
hydrochloric acid concentrations up to 0.7M but was 
partly decomposed (by 8%) in l.OM hydrochloric 
acid. The absorption spectra did not show bands 
at 284 and 342 nm, which indicates that 
5-amino-1,2,4-dithiazole-3-thione was not formed in 
the solution.28 Therefore the observed decline in 
degree of extraction with increase in acid concen- 
tration up to 0.7M is probably due to the formation 
and subsequent extraction of thiocyanic acid. When 
the experiment was repeated with 0.1 M thiocyanate 
and no lithium chloride present, the extraction 
(Fig. 2) increased sharply from 49% (log D = 2.96) 
with no hydrochloric acid added, to 80% (log 
D = 3.59) at 0.1 M acid concentration and then more 
slowly to 95% (log D = 4.28) at l.OM acid concen- 
tration. The absorbance of these solutions at 590 nm 
increased only by 4% with increasing acid concen- 
tration from zero to l.OM. Therefore hydrochloric 
acid mainly influences the distribution of the 
Ru(SCN)i- complex between the foam and the liquid 
phase. 

A comparison of the two curves in Fig. 2 shows 
that the effect of hydrochloric acid on the extraction 
of ruthenium is highly dependent on the thiocyanate 
concentration of the solution. Therefore at the opti- 
mum thiocyanate concentration for formation of the 
Ru(SCN)i- complex, it is more efficient to perform 
the extraction at low acidity, and this can only be 
successful if the complex is extractable through the 
“cation-chelation” mechanism.*9yB Addition of po- 
tassium chloride after the heating of ruthenium solu- 
tions (at pH 2.5 10.1; 0.4M initial thiocyanate and 
2M lithium chloride) increased the extraction from 
82% (log D = 3.63) with no potassium chloride ad- 
ded, to 96% (log D = 4.37) at l.OM potassium chlo- 
ride. The absorbance at 590 nm was independent of 
potassium chloride concentration. Therefore, the 
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Fig. 3. Effect of initial thiocyanate concentration on the 
formation and the extraction of ruthenium-thiocyanate 

complex: (0) formation, (0) extraction. 

effect of potassium chloride is mainly on the distribu- 
tion of Ru(SCN)~-. 

The dependence of ruthenium extraction on the 
thiocyanate concentration in solutions at pH 
2.5 + 0.1 that were 2M in lithium chloride (added 
before heating) and 1M in potassium chloride (added 
after cooling to room temperature) is shown in Fig. 3. 
At zero thiocyanate concentration, less than 0.5% of 
the metal was extracted and the absorption spectrum 
showed absorbances at 386 and 460 nm, which have 
been related to a mixture of [RuCl,(H,0),_,,,]3-m ions 
(m = O-6) by Shukla.” The results also indicate that 
97% (log D = 4.56) of the ruthenium was extracted 
from a solution initially O.lM in thiocyanate, but 
only 89% (log D = 3.92) from l.OM thiocyanate 
medium. The absorbance at 590 nm (Fig. 3) increased 
by 9% when the thiocyanate concentration was in- 
creased from 0.1 to 0.4M, then remained constant up 
to 0.8M thiocyanate and decreased again by 9% at 
lh4 thiocyanate. The decrease in absorbance at high 
thiocyanate concentrations is mainly due to reduction 
by thiocyanate. 22,23 Therefore, the decrease in the 
extraction of ruthenium may be due to interference 
by thiocyanate, as shown for palladium,33 and/or to 
the formation of less extractable species. 

The effect of changing the ruthenium concentration 
on its extraction from solutions that were 0.8M in 
initial thiocyanate, and 2M in lithium chloride (added 
before heating) and IA4 in potassium chloride (added 
after cooling), indicated that the amount of metal on 
the foam was almost linearly proportional to the 
amount left in solution, up to 8 x 10m5M initial 
ruthenium, and then started to level off with in- 
creasing initial ruthenium concentration, reaching a 
maximum value at 3 x 10m4M ruthenium. At higher 
concentrations, the amount of ruthenium on the 
foam remained constant, indicating that 0.24 mole/kg 
[24.3 g/kg] is the capacity of the polyether-type 
polyurethane foam for the extraction of ruthenium 
under the given conditions. 

A qualitative study on the recovery of ruthenium 
from the foam showed that acetone can be used for 
this with high efficiency. 
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Fig. 4. Effect of salt concentration on the distribution of 
ruthenium-thiocyanate complex: (0) NH&l, (0) KCI, (0) 

LiCI. 

To confirm that the ruthenium is extracted by the 
“cation-chelation” mechanism, the effect of various 
chlorides was investigated and the results (Fig. 4) 
showed that though even 1M lithium chloride had 
only little effect on the extraction of ruthenium, on 
the other hand the extraction from solutions contain- 
ing potassium or ammonium chloride increased lin- 
early with salt concentration up to 0.4M and then 
more gradually at higher concentrations. A 
significant increase in the extraction of Ru(SCN)i- 
was also observed from thiocyanate solutions that 
were 1M in sodium chloride. The absorbance values 
at 590 nm were almost equal, suggesting that the 
effect of the salt is mainly on the distribution of the 
Ru(SCN):- complex between the foam and the aque- 
ous phase. 

When the distribution coefficient for the 0.1, 0.5 
and l.OM salt solutions (only l.OM for sodium 
chloride) are plotted as a function of cation size 
(Fig. 5), the efficiency of extraction is seen to increase 
with increasing ionic radius. Since these results are 
similar to those obtained for the extraction of the 
Pd(SCN):- complex’g,33 and the Pt(SCN& com- 
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Fig. 5. Effect of the size of various univalent cations on the 
distribution of ruthenium-thiocyanate complex. Salt con- 

centration: (0) O.lM, (a) OSM, (0) 1M. 
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plex,‘4 it can be concluded that the “cation- 
chelation” mechanism is also the major mode of 
Ru(SCN)i- extraction into polyurethane foam. 

Separation of ruthenium and rhodium 

Several differences in the formation as well as the 
distribution of the thiocyanate complexes of ruthe- 
nium and rhodium were observed. For example, 
6 min of heating at 90” was found enough for 
maximum formation of the Ru(SCN)i- complex, 
whereas heating for 30 min was required35 for 
Rh(SCN)i-. A minimum of 2M hydrochloric acid 
was required for the extraction of rhodium,36 but a 
pH of about 2.5 was sufficient for the extraction of 
ruthenium. Furthermore, the rhodium extraction in- 
creased with increasing hydration number of the 
cation present3’ whereas the ruthenium extraction 
decreased. On this basis, the optimum conditions for 
the separation of these two metals were determined. 

The minimum heating time for maximum for- 
mation of Ru(SCN)i- in the presence of ammonium 
chloride was found by heating about 30 ml of solu- 
tion (at pH 2.5 k 0.1 and containing 5.35 pmole of 
ruthenium, 30 mmole of thiocyanate and 8.03 g of 
ammonium chloride) at 90” for 4, 5 or 6 min, 
immediately cooling in ice-water to room tem- 
perature, diluting to 50 ml, and measuring the ab- 
sorbance at 590 nm. Absorbances of 0.452,0.456 and 
0.459 were obtained at 4, 5 and 6 min, respectively. 
Therefore, a 5-min heating of the solution before 
extraction was chosen in the separation of ruthenium 
and rhodium. 

Since the efficiency of the separation depends on 
the differences in the amounts of Ru(SCN):- and 
Rh(SCN)i- complexes formed, the time elapsed be- 
tween preparation of the ruthenium complex and its 
extraction may be critical. To determine the optimum 
time, a solution (about 60 ml) at pH 2.5 + 0.1, 
containing 10.7 pmole of ruthenium, 60 mmole of 
thiocyanate and 16.05 g of ammonium chloride was 
heated at 90” for 5 min, cooled in ice-water to room 
temperature, and diluted to 100 ml. A foam cube 
weighing 0.3 g was then equilibrated with 95 ml of 
this solution for a selected period of time and the 
degree of extraction determined. The degree of ex- 
traction was found to rise sharply with extractio 
time to 93% for 19 min then more slowly to $ 97%. or 
1 hr, remaining practically constant for longer times. 
Therefore, 1 hr was chosen as the optimum period of 
extraction. 

Table 1. Effect of rhodium concentration on the extraction 
of ruthenium by polyurethane foam 

[RuC$)I, FWWI, Ruthenium, 
M %E 

1 x 10-4 0.0 95 
1 x 10-a 1 x 10-4 95 
1 x 10-d 2 x 10-d 95 
1 x 10-d 3 x 10-e 93 

The effect of different concentrations of rhodium 
on the extraction of ruthenium under the optimum 
conditions was investigated. The results in Table 1 
indicate that rhodium in up to threefold molar ratio 
to ruthenium has almost no effect on the extraction. 
An atomic-absorption study showed that less than 
5% of the rhodium was extracted under these condi- 
tions. 

CONCLUSIONS 

The relatively high distribution coefficients indicate 
that polyether-type polyurethane foam is highly 
efficient for the extraction of hexathiocyanatoruthen- 
ate(III), compared to many organic solvents.3j6J Fur- 
thermore, the ability of the foam to extract ruthenium 
at low acidity (pH = 2.5 f 0.1) minimizes the ten- 
dency of thiocyanate to decompose3’ and to tri- 
merize.28 The low acidity also reduces interference by 
thiocyanic acid and the trimerization product, 
5-amino-1,2,4-dithiazole-3-thione, which are pro- 
duced in solutions having high thiocyanate and acid 
concentrations.1g*33-36 

The separation of rhodium and ruthenium by 
polyurethane foam is a useful alternative to the 
commonly used methods ‘G’s in which ruthenium is 
oxidized to the tetroxide. Small losses of the metal 
can be caused by volatilization of RuO, from the 
organic solvent4 and by reduction of the tetroxide by 
the extractant.4s’7 The use of polyurethane foam in 
the separation of ruthenium and rhodium is also 
important because no reasonable ion-exchange meth- 
ods have been reported, on account of the labile 
character of the chloro-complexes of these two metals 
toward aquation. 
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Snmnmry-The cation-exchange behaviour of lanthanum arsenate has been studied. This paper reports 
the preparation and physicochemical properties of the exchanger. Its analytical utility is compared with 
that of other arsenate exchangers. Some practical analytical applications are described. 

The analytical applications of synthetic ion- 
exchangers’** have received considerable attention 
owing to their high degree of selectivity for certain 
elements,3 and resistance to nuclear radiation. Of the 
various inorganic ion-exchangers that have been 
studied, those based on lanthanum are probably the 
least investigated. The literature reports deal with the 
arsenates of Zr, Ti, Cr, Sn, Th, Ce, Fe, Nb and Ta; 
we now add lanthanum arsenate to the list. 

EXPERIMENTAL 

Reagents 

All reagents and chemicals were of analytical grade. 
Doubly distilled water was used throughout. 

Preparation and composition of the exchanger 
The exchanger was synthesized in two ways. In the first, 

O.lM lanthanum nitrate solution in O.lM nitric acid was 
mixed dropwise in various proportions with O.lM disodium 
hydrogen arsenate solution, and the precipitate was di- 
gested. In the other, O.lM lanthanum nitrate solution in 
O.lM nitric acid was added in different proportions to O.lM 
sodium arsenate solution in presence of excess of hydrogen 
peroxide, and the precipitate was digested on a water-bath. 
The products were allowed to stand with the mother liquor 
for 24 hr, then filtered off, washed, and dried first in air, and 
finally over anhydrous calcium chloride in a vacuum desic- 
cator. They were converted into the H+-form with 1M nitric 
acid and dried as before. 

*To whom correspondence should be addressed. 

The powdered product (0.5 g) was dissolved in 25 ml of 
concentrated nitric acid, and the mixture was evaporated to 
small volume on a water-bath to expel oxides of nitrogen, 
and diluted to 100 ml with water. The lanthanum was 
precipitated as oxalate and ignited at 800” to the oxide,4 
which was weighed. For the arsenate estimation, 0.5 g of 
exchanger was dissolved in 25 ml of concentrated hydro- 
chloric acid, and arsenate was determined iodometrically in 
4M hydrochloric acid medium. A separate 0.5-g sample was 
heated at 800” for 1 hr, and the La:H,O ratio calculated 
from the weight loss, according to Alberti et aL5 Details of 
the syntheses and composition are given in Table 1. 

Characteristics 

Chemical stability (Table 2). The solubility was deter- 
mined by shaking 0.5 g of exchanger with 100 ml of solvent 
for 15 hr, then determining lanthanum in the solution 
spectrophotometricall~ at 550 nm with sodium alizarin 
sulphonate in acetate buffer, and arsenate at 840 nm by the 
Molybdenum Blue method. 

Potentiometric titration (Fig. I). A 0.5 g sample was 
shaken with 100 ml of 2M sodium (or potassium) chloride 
for 16 hr and the mixture was titrated potentiometrically 
with standard alkali. 

Zon-exchange capacity. One-g portions of specimen B-4 
(H+-form) were shaken with 100ml of various metal ion 
solutions for 2 days with intermittent shaking, and the 
liberated hydrogen ions were titrated; the exchange capaci- 
ties are given in Table 3. 

The effect of the salt concentration and the time of 
equilibration on the apparent exchange capacity of lan- 
thanum arsenate are shown in Figs. 2 and 3, respectively. 
The exchange capacity was also determined for samples of 
the exchanger that had been heated to different tem- 
peratures and compared with that for similarly treated ferric 
arsenate6 and tantalum arsenate’ (Fig. 4). 

Table 1. Details of synthesis and composition of lanthanum arsenate 

Batch Reactants 

B-l O.lM lanthanum nitrate 
B-2 in O.lM nitric acid + 
B-3 

1 
0. 1M disodium hydrogen 

B-4 arsenate 

O.lM lanthanum nitrate 
B-5 in O.lM nitric acid + 
B-6 0. 1M sodium arsenite 

+ hydrogen peroxide (excess) 

Volume 
ratio 

La/As, v/v 

Stirring 

hr 

1:2 4 
1:2 16 
3:5 16 
1:4 12 

1:2 16 80 f 5 1.85 1:1.12:1.19 0.53 
1:4 16 80 + 5 1.83 1:1.19:1.16 0.66 

pH of 
Temp., mother 

“C liquor 

27k2 1.8 
80+5 1.6 
80 f 5 1.6 
80 f 5 1.65 

Composition, 
La:As:H,O 

1:1.18:1.17 
1:1.2:1.86 
1:1.03:1 
1: 1.42.98 

Ion-exchange 
capacity for Na+, 

meqlg 

0.67 
0.72 
0.19 
0.87 
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Table 2. The solubility of lanthanum arsenate exchanger in different solvents (mg of element dissolved in 100 ml at 25”) 

B-4 heated B-4 heated 
B-l B-2 B-3 B-4 B-5 B-6 at 200 at 300” 

Solvent La As La As La As La As La As La As La As La As 

HCl O.lM 13.8 7.4 4.9 2.6 10.5 5.7 2.0 1.0 9.8 4.9 6.6 3.4 0.9 0.5 0.4 0.2 
HNO,, O.lM 17.6 9.4 6.1 3.0 11.6 6.2 2.5 1.3 11.1 5.3 7.7 3.7 0.9 0.4 0.4 0.2 
H,SO,, 0. 1N 11.2 6.0 4.2 2.3 8.8 4.7 1.9 1.0 9.8 5.3 4.8 2.5 0.6 0.3 0.3 0.1 
NH,NO, (5%) in 0.1 M 19.0 10.0 6.2 3.2 12.1 6.7 2.6 1.3 12.7 5.6 8.9 4.1 1.0 0.4 0.4 0.3 

HNO, 

All batches were practically completely insoluble in doubly distilled water, 2M NaOH, 5% NH,NO, solution, 2N oxalic 
acid and acetylacetone. 

Break-through capacity (Table 4). This was determined in 
the usual way with a column of 5 g of 100-200 mesh 
exchanger B-4 (H+-form) and O.OlM solutions of the metal 
ions. 

Distribution coejicients. The K, values were determined 
with preparation B-4, 0.5 g of exchanger being equilibrated 
with 100 ml of u lo-‘M test solution by intermittent 
shaking during two days. After equilibration, the aqueous 
phase was analysed, colorimetrically8~9 for metal ions giving 
high KD values and complexometricallys~” for the others. 
The results are given in Table 5. 

Zon-exchange separations. Some binary mixtures of cat- 
ions were separated on a column of 5 g of 100-200 mesh 
exchanger ,(B-4) with eluents chosen on the basis of the 
distribution coefficient. Hg(I1) was separated from Pb(II), 
Mn(II), Cd(H), Cu(I1) and Ce(II1); Zn(I1) from Pb(I1) and 
Mn(I1); Ni(I1) from Pb(II), Mn(II), Cd(I1) and Ce(II1); 
Co(H) from Pb(I1) and Mn(I1); Mg(I1) from Cd((II), Mn(I1) 
and Pb(II), all with < k 1% error. Certain ions in solutions 
obtained from copper-nickel alloy, ferromanganese and 
stainless steel were also separated, but there was difficulty in 
separating Fe(II1) from Cu(I1) or Cr(III), since their K, 
values are similar. It is necessary first to separate these pairs 
of ions from others with 0.W ammonium nitrate as eluent 
and then to separate the components of the pair by ion- 
exchange in phosphoric acid medium; the iron(II1) phos- 
phate complex is sorbed and the chromium or copper comes 
out in the effluent. Iron can then be eluted with 0.05M 
hydrochloric acid. 

The copper-nickel alloy (0.5 g) was dissolved in hot 6M 
hydrochloric acid, a few drops of concentrated nitric acid 
were added, then the mixture was boiled to remove oxides 
of nitrogen, cooled and diluted to 25Q ml. Ferromanganese 
(0.5 g) was dissolved in a mixture of concentrated hydro- 
chloric acid (20 ml) and nitric acid (5’ ml), then the solution 
was evaporated almost to dryness, cooled and diluted to 250 
ml. Stainless steel (0.5 g) was dissolved in hot 6M hydro- 

Table 3. Cation exchange capacities of lanthanum arsenate 
(B-4) for different metal ions 

Ionic radii 
Metal Concn., Exchange capacity, (non-hydrated), 
ions M meqlg A” 

Li+ 2 0.61 0.68 
Na+ 2 0.866 0.97 
NH: 2 0.95 
K+ 2 1.06 1.33 

gg2+ 
2 1.17 1.67 
0.1 0.31 0.66 

Ni*+ 0.1 0.34 0.69 
co2 + 0.1 0.34 0.72 
cur+ 0.1 0.39 0.72 
Mn2+ 0.1 0.45 0.80 
Pb2+ 0.1 0.52 1.20 
Zn2+ 0.1 0.35 0.74 
Cdr+ 0.1 0.416 0.97 

chloric acid, then iron(I1) was oxidized with 20 drops of 
concentrated nitric acid. The solution was evaporated to 
small volume, cooled and diluted to 250ml with water. 
Appropriate fractions were analysed and the results are 
given in Table 6. 

RESULTS AND DISCUSSION 

Having high exchange capacities and inertness 
towards dilute acids, specimens B-2 and B-4 were the 
most suitable as exchangers. The solubility in acids 
decreases considerably if the exchanger is heated to 
200-300” before use. Table 1 shows that the ex- 
changer is non-stoichiometric, presumably because of 
partial polymerization or protonation of the arsenate. 
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Fig. 1. Potentiometric titration curves. 0, KCI; 0, NaCl. 
1 drop = 0.05 ml of O.lM NaOH. 
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Fig. 2. Concentration equilibrium curve for sodium. 



Lanthanum arsenate ion-exchanger 

Table 4. Breakthrough capacity of lan- 
thanum arsenate (B-4) 

Breakthrough 
capacity, 

Ion System meql5g 

Ni2+ Water 1.14 
co2+ Water 1.36 
Zn2 + Water 1.44 
cu2+ Water 1.76 
cu2+ PH 2 1.06 

(nitric acid) 

The potentiometric titration (Fig. 1) characterizes 
the exchanger as having two types of proton-binding 
sites, resembling crystalline zirconium arsenate in this 
respect.’ The breaks in the potentiometric curves 
suggest that in the equilibration with sodium or 
potassium chloride solution only the “strong acid” 
protons are exchanged, and that these give the end- 
point break at about pH 4.2; the “weak acid” protons 
are only exchanged on further titration, by a 
“push-pull” mechanism of ion-exchange and neutral- 
ization. Hence the ion-exchange capacity rises with 
increasing pH of the solution. The following affinity 
sequences have been found for univalent and bivalent 
cation series, with the lanthanum arsenate ion- 
exchanger. 

Li+ < Na+ <NH: < K+ < CS+ 

Mgr+ c NiZ+(Co2+) < Zn2+ < Cu2+ 

< Cd2+ < Mn*+ < Pb*+. 

The sequence for univalent ions resembles that for 
ion-exchangers of cross-linked type. The exchange 
capacity (especially for univalent ions) under similar 
conditions is directly related (Table 3) to the radii of 
the non-hydrated ions in a homovalent series. This 
suggests that the hydrated ions of smaller radii are 
strongly sorbed, since the radii of the hydrated ions 
tend to decrease with atomic number and the cou- 
lombic interaction would increase. However, this is 

TIME (hr) 

Fig. 3. Time equilibrium curve. 
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Fig. 4. Effect of heat treatment of exchanger on the ex- 
change capacity. 0, Tantalum arsenate; 0, ferric arsenate. 

less evident for the bivalent cations, where not only 
the ionic size is important, but the electronic structure 
and polarizing power of the metal ions, together with 
the solubility products of the metal arsenates, also 
play a part. Similar irregularities (for which the 
solubility product factor seems to play a dominating 
role) have been observed for stannic arsenate.’ 

Table 5. Distribution coefficients (Kn) between lanthanum arsenate (B-4) and various systems (T.A. = total absorption) 

Metal O.lM 0.5M O.lM 
ion Water 

0.1 M NH,NO, 
NH,NO, NH,NO, 

HNO, 
NH,NO, in O.OlM NHO, @H 2) 

Pb(II) 1.3 x 103 9.5 x lo2 8.4 x 102 7.4 x 102 6.7 x lo2 6.9 x lo2 
Cd(H) 281 160 127 92 69 89 
Cu(II) 257 145 102 68 53 77 
Mn(I1) 1.0 x 103 8.3 x lo2 7.0 x 102 6.4 x 102 4.9 x 102 5.5 x 102 
Zn(I1) 45 19.2 9.6 4.6 4.6 4.8 
Ca(I1) 85 51 31 19 11.6 17.1 
Ba(I1) 25 3.7 3.1 0.1 
Ni(I1) 16.3 0.0 0.0 :3 0.0 83 
Co(H) 33 11.1 2.3 2.3 1.1 1:1 
Mg(II) 12.9 0.0 0.0 0.0 0.0 0.0 
Hg(II) 15.3 3.6 0.0 0.0 0.0 0.0 
Bi(II1) T.A. T.A. 3.4 x 10’ 2.0 x 10’ 6.8 x 102 9.2 x lo* 
Ce(II1) T.A. T.A. 9.4 x 103 9.4 x 102 5.1 x 102 7.1 x 102 
Fe(II1) 208 - 91 - - 71 
Cr(II1) 195 - 89 - - 70 
Th(IV) T.A. T.A. 5.1 x 10’ 2.6 x lo3 8.5 x lo2 1.0 x 10’ 
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Table 6. Separations of metal ions from alloys on a lanthanum arsenate (B-4) column 

Amount Amount 
Metal Eluent* taken, recovered, Error, 

Sample determined and volume, ml mg mg % 

Copper-nickel alloy Ni D.D.W. 55 6.36 6.36 0.0 
(B.C.S. No. 180/2) Cu A 95” 14.3 14.2 -0.6 

Fe A 25b 0.143 0.145 +1.4 
Mn B 35 0.160 0.162 +1.3 

Ferromanganese Fe 0.5M NH,NO,, 55 1.95 1.98 +1.5 
(B.C.S. No. 208/2) Mn B 120 10.8 10.7 -1.0 
Stainless steel Ni D.D.W 30 0.91 0.91 -0.05 
(B.A.S. No. 69a) Cr A 45” 2.38 2.41 +1.3 

Fe A 90s 8.90 8.80 -1.2 
Stainless steel Ni D.D.W. 30 1.03 1.03 0.0 
(Indian Standard Cr A 45” 2.07 2.09 +1.1 
Institution No. 302) Fe A 80b 8.01 7.90 -1.4 

Mn B 35 0.232 0.228 -1.7 

*D.D.W. = Doubly distilled water. B = 1M NaNO, in O.OlM HNO,. A = Cu(I1) and Fe(II1) or Cr(III) 
and Fe(II1) eluted simultaneously with 0.5M NH,NO,, leaving Mn(II) on the column. Then 
0.1-3 ml of 1N H,PO,, depending on the concentration of iron, was added to the mixture of 
Cu(II)-Fe(II1) or Cr(III)-Fe(III) and this was passed through the second resin bed where Cu(I1) 
or Cr(III) was not retained, and the iron sorbed was eluted with 0.05M HCl. 

“Phosphoric acid solution was used as final eluent for Cu(II) and Cr(II1); ‘O.OSM HCl was used as 
final eluent for iron. 

Thermal treatment has less effect on the exchange 
capacity of this material than on many similar mate- 
rials such as ferric arsenate6 or tantalum arsenate,’ 
and lanthanum arsenate resembles stannic arsenate” 
in this respect. 

The concentration of salt solution and the equi- 
libration time affect the exchange capacity. Constant 
exchange capacity was obtained with 1.5M sodium 
chloride (Fig. 2) after equilibration for 14 hr (Fig. 3). 
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GEL SPECIATION STUDIES-I 

THE INTRINSIC DISSOCIATION CONSTANT OF 
ACIDIC CATION-EXCHANGE GELS 
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Summary-The acid-dissociation properties of three weakly acidic cation-exchange gels, CM-Sephadex 
C-50-120, Biogel CM-2 and CM-Biogel A, have been studied. Each of the gels was equilibrated in sodium 
polystyrene sulphonate (NaPSS) solutions at three different concentration levels (0.1, 0.01 and O.OOlM). 
The volume of the gels was measured as a function of a (their degree of neutralization), and C,, (the NaFSS 
concentration); pH and pNa were also measured at each a-value. Intrinsic pK values of 3.25 and 4.55 
have been found for CM-Sephadex C-50-120 and Biogel CM-2 respectively. 

In the investigation of gel-phase equilibria such as the 
dissociation of a weakly acidic group that is repeated 
in a regular way throughout the gel structure, and/or 
the complexation of metal ions by this acidic group, 
a Donnan potential term must be calculated to permit 
estimate of non-ideality at the site of reaction. For 
this purpose it is necessary to know the gel-phase 
concentration of the potential-determining counter- 
ion (Na+) as well as the solution pH and pNa at every 
experimental point’ since 

where 

(1) 

(2) 

and 

pKT;P,, - pK$,, = -0.434 2 + log yk+. (3) 

In equation (1) the subscript (s) and the superscript 
g refer to the solution and gel phases respectively, 
with Ca and Ca, representing the molar concen- 
tration of H+ and Na+ in the gel. In equation (2), c( 
refers to the fraction of gel acidic groups that is 
dissociated and pK$s, corresponds to the apparent 
pK of the acid unit (HA) which is repeated in the 
polymer. Finally, in equation (3) the superscript int 
designates the intrinsic pK of the repeating HA unit, 
I,+(,, refers to the potential at the surface of the 
charged gel matrix and yR+ is the molar activity 
coefficient correction for long-range Debye-type ion- 
interaction forces acting on the H+ ion in the gel 
phase. 

To permit the accurate assessment of Ck, in these 
studies for computation of pCA, it is desirable to 

*Present address: Laboratoire de Chimie Macro- 
moleculaire_ERA 47 1, Faculti des Sciences de Rouen, 
F-76130 Mont Saint Aignan, France. 

avoid imbibement by the gel of the sodium salt 
employed to adjust the ionic strength of the aqueous 
phase. With highly cross-linked resins, almost com- 
plete exclusion of salt is observed when the ionic 
strength of the aqueous medium is low.* However, 
with two of the three different gels used in this 
experimental programme this is not the case. The 
CM-Sephadex C-50-120 gel is very flexible, swelling 
remarkably and increasingly as the ionic strength is 
lowered and as the degree of neutralization is in- 
creased,‘,3 whereas the CM Biogel A is rigid with a 
very open structure. In either case imbibement at 
even low ionic strength is considerable. In order to 
avoid this complication, sodium polystyrene sul- 
phonate (NaPSS) was employed as the ionic me- 
dium: diffusion into the gel phase being resisted by 
a sieve effect, the size and charge of the macro- 
molecule causing resistance to its entry. 

With invasion of sodium ion avoided in this way, 
it was possible to evaluate Ck, directly,‘v4 as follows. 
Since electroneutrality must be preserved in the gel 
phase, the Na+-ion content of the gel (Na&) can be 
equated directly with the quantity (meq) of acid 
dissociated, (A-), or tlv, on controlled addition of 
standard base: 

(A-),=a~ =bV,,+hV,=Na& (4) 

where v is the degree of polymerization, b and h 
correspond to the molarity of base and acid, re- 
spectively, and V, and V, represent the volume of 
base added and the volume of the aqueous phase 
after addition of the base. Measurement of the gel 
volume, V,, then permits evaluation of CR,: 

C&, = ;. 
s 

The neutralization by sodium hydroxide of the 
cation-exchange gel in equilibrium with a solution of 
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the sodium salt of a strongly acidic polyelectrolyte 
can be expressed by the equation:‘” 

PH,,, - pNa(,) + log v,’ 

= PK:;P,, + log vki, + log & = s (6) 

where VL is the specific volume of the gel (in ml/meq). 
A plot of S us. log a*/(1 - a) generally yields a 

straight line for the range 0.2 < u < 0.8. By analogy 
with the Kern-modified Henderson-Hasselbalch ex- 
pression, equation (6) can be rewritten as 

S = pH,, - pNa(,) + log Vp’ 
u2 

= pK’ + nlog i-a (7) 

where n is the slope of the straight line that results 
and pK’ is equal to the value of S at tl = 0.618 
[corresponding to log a*/(1 - a) = 01. 

For certain gels, such as CM-Sephadex C-50-120, 
the value of n is approximately 1,’ and the sum, 
pKaPP + log yh,, is constant over certain intervals of 
CI in the presence of sodium salts of strongly acidic 
polyelectrolytes. 

By including y&, and other terms such as y,_, the 
activity coefficient of the acidic unit of the gel, and 
y$ and y;, the solvation contributions for both the 
H+ and Na+ ions in the pKaPP term, as done by Slota 
and Marinsky,’ the pKapp value can be obtained by 
means of the relationship: 

The research described in the next section was 
embarked upon to show that with the computation of 
the Donnan potential term in these two-phase sys- 
tems, the thermodynamic properties of gels could be 
uniquely and meaningfully characterized. Until the 
research of Slota and Marinsky’ such character- 
ization of gels was based only on the solution-phase 
measurements: as a consequence the results obtained 
were a function of the ionic strength employed in a 
particular study and bore little relationship to the 
absolute parameters sought. 

With the attainment of this goal, the second phase 
of this study, i.e., the meaningful analysis of 
multivalent-cation complexation-reactions with the 
acidic group of the gels selected for study, facilitated 
by proper assignment of Donnan potential terms, 
would be ready for entry. 

EXPERIMENTAL 

Distilled, demineralized water was used in all operations. 

Preparation of NaPSS 

Sodium polystyrene sulphonate with an average molecu- 
lar weight of 5 x lo5 (Lot ST4754-87B) was kindly supplied 
by the Dow Chemical Company of Midland, Michigan. In 
its preparation for use it was first converted into the H+ 
form by passage through a Dowex 50 W x 8 cation- 
exchange resin column in the H+ form. Low molecular- 

weight impurities were then removed over a one-week 
interval by dialysis through a cellulose acetate membrane 
into distilled, demineralized water, which was periodically 
replaced. The resultant dilute solution of HPSS was then 
reconcentrated at ambient temperature by continuous re- 
moval of water vapour by the action of a fan on the 
membrane surface. The solution of HPSS so obtained was 
neutralized to pH 7 with 1M sodium hydroxide. It was then 
used as the source material for the NaPSS medium em- 
ployed in a particular series of experiments, its dilution 
depending on the concentration level chosen for these 
experiments. 

Preparation of gels 

The three gels, CM-Sephadex C-5&120 supplied by the 
Pharmacia Company, and Biogel CM-2 and CM Biogel A 
supplied by the Bio-Rad Company, were cycled in the Na+ 
and H+-ion forms by use of 0.5M sodium hydroxide and 
OSM hydrochloric acid. The H+ forms of the gels were then 
washed with demineralized, distilled water to remove all 
traces of the free acid. 

Gel volume and density determinations 

Gel volumes were determined by the following procedure. 
First, the ion-exchange capacity per gram of swollen gel was 
measured by adding an excess of sodium hydroxide to the 
weighed sample and back-titrating with standard hydro- 
chloric acid. The gel, washed free from simple electrolyte, 
was then transferred quantitatively to an NaPSS solution at 
the desired concentration, and allowed to equilibrate for 
48 hr. The volume and density of the gel, removed quan- 
titatively from the NaPSS solution by filtration, were mea- 
sured with n-heptane in a pycnometer. The volume and 
density of the gel in the H+-form were measured similarly. 
Volume estimates at degrees of dissociation ranging between 
these two extremes were obtained by measuring the settled 
gel volumes in a graduated cylinder and subtracting the 
interstitial volumes from these gross values. Plots of these 
volume data for the three gels are presented in Fig. 1. The 
density data are listed in Table 1. 

Measurement of pH and pNa of solutions 

The pH and pNa of the equilibrated solutions were 
measured concurrently with Coming Glass electrodes (No. 
47621000 for Na) and a Radiometer model 4 pH-meter. The 
Na-specific electrode was calibrated with standard sodium 
chloride solutions, and the glass pH electrode with standard 
reference buffers. All pH and pNa measurements were made 
in media saturated with nitrogen. 

When the pH of the solution was too low, pNa could not 
be measured directly because of the selective uptake of 
H+-ions by the Na+-ion electrode. It was necessary in these 
instances to employ an isotope dilution technique to 
measure the Na+-ion concentration in solution. The radio- 
activity of *‘Na was measured for this purpose. The single- 
ion activity coefficient assigned to Na+ in NaPSS by two 
different research group@ was then used to convert these 
Nat concentrations into Na+ activities. 

For a particular set of experiments a controlled quantity 
of the **Na radioisotoue was added to NaPSS at the 
appropriate concentration level. A 15ml aliquot of this 
solution was then combined with a known amount 
(0. l-l .O meq) of the water-swollen gel in its H+-form. After 
three days of equilibration in the vial container the pH, pNa 
and radioactivity of the solution were measured. The radio- 
activity was measured with a Tricarb Packard No. 3375 
beta-counter. 

In a particular experimental series a controlled quantity 
of standard sodium hydroxide solution was added by micro- 
burette to dissociate the gel further after completion of the 
measurements of solution radioactivity, pH and pNa at the 
preceding gel dissociation value. The effect of dilution of the 
NaPSS by addition of the sodium hydroxide was taken into 
account. 
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Fig. 1. Variation of the specific volume Vi (in ml/meq) as a function of the degree of ionization, a, at 
different concentrations, Cr, of sodium polystyrene sulphonate (NaPSS); C, = O.lM (a); O.OlM (x ), 

O.OOlM (A). (A) CM-Sephadex C-50-120; (B) Biogel CM-2; (C) Biogel A. 
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RESULTS 

Exchange capacity and swelling of gels 

The three gels were studied in solutions of NaPSS 
at three different concentrations (0.10, 0.010 and 
0.0010M). 

The CM-Sephadex C-5&120 gel has a high 
exchange-capacity (4.8 meq/g of dry gel). Its extent of 
swelling, which is considerable, depends on the initial 
NaPSS concentration (C,) and the degree of ioniz- 
ation (Fig. 1A). The capacity of the swollen gel is as 
low as 0.031 meq/ml at a = 1 in O.OOlM NaPSS. The 
density of the gel is slightly higher than that of the 
solution (Table 1) except when Cr = O.lOM and 
a = 1. In this case the gel floats and its volume has 
to be measured with a pycnometer. 

The Biogel CM-2 also exhibits a high exchange- 
capacity (5.3 meq/g of dry resin), but it swells much 
less than the CM-Sephadex C-5&120 gel, the extent 
of swelling depending only on the degree of ioniz- 
ation. The dependence of the swelling on the NaPSS 
concentration is insignificant (Fig. 1B). The capacity 
of the swollen gel remains high (I .39 meq/ml at a = 1) 
because of its moderate flexibility, and its density is 
always higher than that of the solution (Table 1). 

The CM-Biogel A has a low exchange-capacity 
(1 meq/g of dry resin) and because of the rigid, open 

structure its volume is practically independent of the 
degree of ionization and of the NaPSS concentration 
(Fig. 1C). The exchange capacity is O.O4meq/ml at 
CI = 1. The density is always slightly higher than that 
of the solution (Table 1). 

Neutralization of gels 

The neutralization properties of the CM-Sephadex 
C-50-120 gel are strongly affected by the NaPSS 
concentration of the solution. This result is illustrated 
in Fig. 2, which presents the neutralization curves 
obtained at three different NaPSS concentrations 
(0.1, 0.01 and O.OOlM). These data produce three 
straight-line plots of S vs. log a*/(1 - LX) (Fig. 3). 
Their slopes are greater than 1 for C,, = 0.001 and 
O.OlM and not very different from 1 for Cr = O.lM 
(Table 2). The variation of the sum pK”PP + log yh, 
with a at C, = 0.01 and O.OOlM indicated by these 
results is to be expected. The sensitivity of the gel 
volume to changes in a and C, leads to sizeable 
variability in polymer concentrations. Just as with 
linear polyelectrolytes, e.g., polymethacrylic acid, 
polymer dilution results in less effective screening of 
the polymer surface charge and greater increase in the 
value of pKaPP with increasing degrees of dis- 
sociation.’ At C, = 0. lM, however, the volume of the 
gel is reduced and the effect of LX on the gel volume 

Table 1. Densities (g/ml) of the different gels at the beginning, o? = 0, and the end, 
c? = 1, of neutralization at different concentrations, C,, of sodium polystyrene 
sulphonate (NaPSS), and the density of the NaPSS solutions (density of water 

at 25°C = 0.99707 g/ml) 

c, = 0.1 c, = 0.01 c, = 0.001 

c?=O cZ=l L=O oi=l or=0 a?=1 

CM-Sephadex C-50-120 1.012 1.011 1.003 1.004 1.001 0.998 
Biogel CM-2 1.107 1.120 1.099 1.102 1.083 1.090 
CM-Biogel A 1.013 1.013 1.013 1.013 1.013 1.013 
NaPSS 1.0117 0.9985 0.9972 
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Fig. 2. Neutralization curves for CM-Sephadex C-5&120 
as a function of the degree of ionization, a, at different 

concentrations, Cr, of NaPSS; symbols as in Fig. 1. 

is not nearly as large as before. The net effect is a 
buffered effective surface-charge which results in con- 
stancy of the pKa*P + log J&, term. 

In an earlier study of French supplied CM- 
Sephadex C-50-120 gel3 less swelling was observed 
under comparable experimental conditions. The 
slope of the straight-line plot of S vs. log a2/(1 - LX) 
was unity, as it is for the most concentrated NaPSS 
system (C, = O.lM) in the present investigation. It is 
probable that the gel used in the earlier study was 
slightly more cross-linked than the gel employed in 
this one. 

The neutralization curves obtained with Biogel 
CM-2 are presented in Fig. 4. The solution-phase pH 
under comparable experimental conditions is always 
more than one unit higher than that in the CM- 
Sephadex C-5&120 gel study, which indicates the 

l( 
-2 -I 0 

Fig. 3. Variation of S [ = (PH - pNa + log Q] as a func- 
tion of log [a2/(1 - a)] for CM-Sephadex C-5&120; symbols 

as in Fig. 1. 

Table 2. Values of n [equation (7)] for the three gels 
at different molar concentrations of NaPSS, C, 

n 

Gel c, 0.1 0.01 0.001 

CM-Sephadex CSO-120 0.96 1.12 1.34 
Biogel CM-2 1.25 1.25 1.25 
CM-Biogel A 0.57 0.94 1.23 

higher concentration of the repeating functional unit 
in Biogel CM-2. 

All the experimental points obtained for Biogel 
CM-2 with the three different NaPSS solutions 
fall on a single straight line when S is plotted us. 
log a*/( 1 - LY) (Fig. 5). This is to be expected when the 
swelling properties of a gel are independent of C,, as 
is the case here, and when there is no penetration of 
the gel phase by the ionic solution medium (NaPSS). 
The slope of the straight line, II, is 1.25 (Table 2), 
showing that the apparent pK of the repeating gel 
functional unit increases with the degree of ioniz- 
ation, as it does with the CM-Sephadex C-50-120 gel 
at the two lower NaPSS concentrations. 

Fig. 4. Neutralization curves of Biogel CM-2 as a function 
of the degree of ionization a; symbols as in Fig. 1. 

I I I I 

-2 -I 
o2 .O 

I 

m I_0 

Fig. 5. Variation of S [ =(pH - pNa + log Q] as a 
function of log [a2/(l - a)] for Biogel CM-2; symbols as in 

Fig. 1. 
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Fig. 6. Neutralization curves for Biogel A as a function of 
the degree of ionization, a; symbols as in Fig. 1. 

The neutralization curves obtained with the CM- 

Biogel A are presented in Fig. 6. In this case the 
solution-phase pH is much lower than that in the 
CM-Sephadex C-50-120 gel study under comparable 
experimental conditions. The influence of NaPSS 
concentration is lower, however. Plots of S us. 
log a2/(1 - CI) for the data obtained produce three 
straight lines, one for each concentration level of the 
NaPSS employed (Fig. 7). Unlike the result obtained 
with the CM-Sephadex C-50-120 gel the largest value 
of S and the lowest slope are obtained with NaPSS 
at a concentration of 0.1 M (Table 2). This discordant 
result is due to the fact that there is diffusion of the 
NaPSS into the gel. That the rigid, open structure of 
this gel permits entry of the NaPSS is not too 
surprising. The macroporous stucture is achieved by 
cross-linking the basic functional unit with a rigid 
spacer molecule. 

Such entry of the NaPSS by diffusion can be 
sizeable because of the low concentration of func- 
tional units and the very weak Donnan exclusion 
factor which results from this. Equation (6) is no 
longer applicable since a correction must be made for 
the effect of NaPSS imbibement on the value of pCR,. 

Apparent p K values 

Equation (8) was employed to evaluate pK,“RP,, as a 

05 

0 

Fig. 7. Variation of S [ = (pH - pNa + log VJ as a function 
of log [a2/( 1 - a)] for Biogel A; symbols as in Fig. 1. 

Fig. 9. Apparent pK of Biogel CM-2: a plot of pK,, 
calculated by means of equation (8); symbols as in Fig. 1. 

Fig. 8. Apparent pK of CM-Sephadex C-50-120: a plot of 
pK,,, vs. degree of ionization, a; the pKapp is calculated by 

means of equation (8); symbols as in Fig. 1. 

function of tl for both the CM-Sephadex C-5&120 
and the Biogel CM-2 gels at the three different NaPSS 
concentrations. The results are graphically presented 
in Figs. 8 and 9. It is evident from Fig. 8 that the 
apparent pK of the CM-Sephadex C-5&120 gel is 
strongly influenced by its swelling properties and by 
the degree of dissociation. Extrapolation of the 
curves in Fig. 8 to tl = 0 provides an estimate of the 
Sephadex pK$,,; as c(+O, ti(,)--t 0, and 
pK;,!&+pK$,,. The extrapolation may not be too 
accurate, but the convergence of the extrapolated 
lines drawn to merge at a value in the region of 
3.3-3.5 at u = 0 is consistent with the pK&, value of 
3.25 obtained earlier for the CM- Sephadex C-5&120 
gel and its polyelectrolyte analogue, carboxymethyl- 
dextran.* 

Swelling of the Biogel CM-2 was found to be 
independent of the ionic strength of the aqueous 
medium so pK$:‘RP,, should vary only as a function of 
tl. In Fig. 9 the increasingly large scatter in the pK$l, 
values at tl values above about 0.7 must therefore be 
due to other factors. In the x-range from 0.7 to 1.0 
the measured pH was equal to or greater than 7 in the 
study of this system, and inadvertent introduction of 
CO, from the atmosphere is most probably re- 
sponsible for the observed scatter. At tl < 0.5 the 
reproducibility of pKt& is much better and extrapo- 
lation to tl = 0 is straightforward, yielding a pK&, 
value of about 4.6. 

Conclusion 

The first objective of this research has been success- 
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fully achieved through the correct assignment of 
Donnan potential terms. We have been able to 
determine for each experimental situation the concen- 
tration of hydrogen ion at the site of its reaction with 
the repeating conjugate-base unit (carboxylate ion) of 
the gel. Extrapolation to c( = 0 of a plot of the 
apparent pK obtained for each gel by this approach 
[equation (8)], us. tl, has led to resolution of the 
intrinsic pK characterizing the dissociation of the 
repeating acidic ligand unit in two of the three gels 
for which the Donnan term was calculable. 

It has been of special interest to show how 
the behaviour of the highly flexible CM-Sephadex 
C-50-120 gel seems exactly like that of a linear 
polyelectrolyte if the apparent pK measurement is 
based on the gel-phase pH. As the gel phase becomes 
more dilute (i.e., as the NaPSS concentration is 
decreased) the apparent pK of the acidic group of the 
gel increases more rapidly with increasing CI, from a 
common intercept on the ordinate at CI = 0 (intrinsic 
pK), just as it does for a linear polyelectrolyte, 
because screening of the charge at the macromolecule 

surface by counter-ions is decreased in both cases by 
dilution of the polymer. 

Finally, with this demonstration of the utility and 
validity of our approach to the thermodynamically 
sound analysis of equilibria in gels through appropri- 
ate assessment of the Donnan potential terms en- 
countered, the second phase of the research, the 
evaluation of metal-ion complex-formation constants 
in these gels, is ready for entry. 
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Summary-Conditions have been developed for the spectrophotometric determination of osmium with 
l-phenyl-4,4,6-trimethyl-(lH,4H)-2-pyrimidinethiol after extraction of the complex into molten naph- 
thalene. Beer’s law holds for the concentration range of 4-77 pg of osmium in 10 ml of the final solution. 
The molar absorptivity is 1.33 x 104 1. mole-’ . cm-‘. The reagent is highly selective for osmium. 

Several pyrimidinethiols have been synthesized and 

used successfully as analytical reagents.‘.’ Osmium 

forms an extractable complex with 1-phenyl-4,4,6- 

trimethyl-( lH,4H)-2-pyrimidinethiol (PTPT) but 
only on heating for some time, so the usual 
liquid-liquid extraction methods are tedious. The 
present communication describes the extraction of 
osmium with PTPT into molten naphthalene and its 
spectrophotometric determination after dissolution 
of the solidified extract in dimethylformamide 
(DMF). This technique is especially useful for the 
extraction of complexes which are formed only at 
higher temperatures3%4 or have low solubility at room 
temperature. 

EXPERIMENTAL 

Reagents 
Doubly distilled water and analytical-reagent grade acids 

and salts were used unless otherwise stated. A solution of 
osmium tetroxide was prepared in 0.2M sodium hydroxide 
and standardized. 

1-Phenyl-4,4,6-trimethyl-(lH,4H)-2-pyrimidinethiol was 
prepared and purified according to the method given by 
Mathes et CZI.~.~ and a O.OOlM solution was prepared in 
DMF. 

Procedure 
Take in a beaker a volume of sample containing 3.8-76.8 

pg of osmium and add 2 ml of PTPT solution. Add 
perchloric acid to give an acid concentration of l&3&%4. 
Transfer the solution to a round-bottomed stoppered flask, 
warm it to about 60” on a water-bath and add 2 g of 
naohthalene. Raise the temperature to about 90” to melt the 
naphthalene and stir the mixture for about 15 min on a 
combined magnetic stirrer and hot-plate. Cool the solution, 
filter off the solidified naphthalene, dry it on a filter paper, 

dissolve it in DMF and make it up to 10 ml in a standard 
flask with DMF. Drv this solution with 2 g of anhvdrous 
sodium sulphate and-measure the absorbance in a l-cm cell 
at 520 nm against a reagent blank. Prepare calibration 
graph under similar conditions. 

RESULTS AND DISCUSSION 

Absorption spectrum 

The absorption spectrum of the osmium-PTPT 
complex in naphthalene-DMF medium, measured 
against water or a reagent blank, has its absorption 
maximum at 520-530 nm, where the reagent does not 
absorb at all. 

Experimental conditions 

Effect of acidity. Osmium is quantitatively extrac- 
ted over the perchloric acid range 1.0-3X4. Extrac- 
tion is incomplete at higher and lower acidity. 

Reagent concentrations. The absorbance is constant 
and maximal with 0.8-4.5 ml of O.OOlM PTPT solu- 
tion, and 1.3-3.5 g of naphthalene. Extraction is 
incomplete with less than 1.3 g of naphthalene; with 
more than above 3.5 g it is difficult to dissolve the 
naphthalene in the 10 ml of solvent used. 

Effect of aqueous phase volume. The absorbance is 
unaffected if the aqueous phase volume does not 
exceed 60 ml. With larger volumes the extraction is 
not quantitative. 

Stirring time. At 85-90” complete extraction takes 
a minimum of 10 min (Fig. 1). 

Calibration graph. Under the optimum conditions 
described, the calibration graph (measurement at 520 
nm) is linear over the osmium concentration range of 
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0.6 - 

I I 
0 IO 20 30 

STIRRING TIME (mini 

Fig. 1. Effect of stirring time. OS 38.0 pg, PTPT 
(1 x 10e3M) 2.0 ml, hydrochloric acid 2.OM, naphthalene 

2.0 g, wavelength 520 nm. 

3.8-76.0 pg in 10 ml of DMF. The molar absorptivity 
is 1.33 x lo4 1. mole-’ . cm-‘. The mean absorbance 
found in ten replicate determinations of 38 pg of 
osmium was 0.505, with a standard deviation of 
0.0025. 

Table 1. Determination of osmium in synthetic mixtures 

Composition of Osmium Osmium 
synthetic mixture, taken, found, 

X &e /e? 

Ir 50.0, OS 40.0 40.0 40.0 
Pd 10.0 39.5 

39.8 
Pd 5.0, Ir 76.0 28.0 28.2 
OS 14.0, Pt 5.0 27.5 

27.6 
Pd 7.0, Ir 70.0 16.0 16.0 
OS 8.0, Fe 5.0 15.8 
Ni 5.0, Pt 5.0 15.9 

Interferences 

It was found that 5.0 mg of Cl-, SO:-, I-, F-, 
NO;, PO:-, and tartrate, 4.0 mg of citrate, 3.0 mg of 
SCN-, 500 pg of Mn(II), Ni(II), Fe(III), Pb(II), ‘. 

Co(II), Th(IV), MoWI), WWI), V(V), SWII), 2. 
As(III), Pt(IV), Ru(II1) and Rh(III), and 100 pg of 
EDTA2-, when added to a test solution containing 38 3. 
pg of OS caused less than 2% error. Ir(II1) and Pd(I1) 4. 
interfere, and must be removed by prior extraction. 5, 
Copper (500 pg) does not interfere if the extraction 
is done at pH 10. 6. 

Determination of osmium in various synthetic mixtures 

Various synthetic mixtures containing osmium 
were prepared in lOO-ml standard flasks (Table l), 
and each was analysed in triplicate for osmium 
according to the general procedure. The results are 
summarized in Table 3. 
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Summary-A pulse polarographic method for the analysis of humic acids fractionated by gel permeation 
chromatography is described. It is concluded that the pulse polarography of the nitroso-derivatives, 
already reported as an analytical method for the determination of humic acids, really gives responses due 
to the presence of iron in the samples. Atomic-absorption measurements confirm this conclusion quite 
unambiguously. 

Humic acids are extremely complex polymeric sub- 
stances, which have been the subject of extensive 
research because of their importance in environ- 
mental chemistry. I4 Their composition varies accord- 
ing to the origin and nature of the water or soil 
in which they are found and methods for character- 
izing them are highly desirable. A variety of tech- 
niques have been used for this purpose, such as X-ray 
scattering,5 gel chromatography, viscosity mea- 
surement, dialysis and ultrafiltration,6*7 chemical 
analysis8 and polarographic determination of the 
nitroso derivatives.’ 

We have very recently investigated the gel filtration 
of humic acids, using an electrochemical detector and 
comparing its performance with that of the usual 
ultraviolet detector.” The present work is a con- 
tinuation of the investigation, with the aim of com- 
paring the pulse polarography of the nitroso- 
derivatives of the various fractions obtained in the gel 
filtration, with the responses given by the electro- 
chemical detector. To clarify a discrepancy observed 
between the two methods, atomic-absorption mea- 
surements were also made. 

EXPERIMENTAL 

Reagents 

Commercial samples of humic acid were purchased from 
Aldrich and Fluka. The other chemical products were of 
analytical grade (C. Erba IWE) and used without further 
purification. The gel filtration columns were made with 
Ultrogel (LKB) having exclusion limits of 1000-15000. A 
O.OSM solution of sodium pyrophosphate was used as 
eluent, at a flow-rate of cu. 0.5 ml/min. 

Apparatus 

The electrochemical detector was a Metrohm mode1 656 
with a three-electrode detection cell (model EA 1096/2). The 
working electrode was a carbon-paste electrode, the 
counter-electrode a glassy-carbon electrode and the refer- 
ence electrode an Ag/AgCl system. 

Atomic-absorption measurements were done with a 
Perkin-Elmer mode1 372 instrument. 

The gel filtration column was 25 x 1.6 cm, packed accord- 
ing to the maker’s instructions and used with an LKB 2112 

Redirac fraction collector. Molecular weight calibration of 
the column is reported elsewhere.‘O 

The pulse polarograph was a Southern Analytical model 
A 3100. 

Procedure 

The nitrosation procedure was essentially the same as that 
reported by Ederle er ~1.~ Each fraction (cu. 3.5 ml) was 
acidified to pH 4.5 with 1M acetate buffer, 1 ml of 10% 
sodium nitrite solution was added and the mixture was left 
at 50-60” for 20 min. After cooling, the solution was diluted 
to volume in a 25-ml standard flask with water and trans- 
ferred to a conventional three-electrode polarographic cell, 
with a platinum counter-electrode and a saturated calomel 
electrode as reference. After deaeration with pure argon for 
10 min, the solution was polarographed with a pulse 
amplitude of 50 mV and a sweep-rate of 133 mV/min. The 
peak height (at Ewk = -0.63 V us. SCE) was measured and 
corrected with respect to that found for a blank solution 
treated similarly. 

RESULTS AND DISCUSSION 

Figures 1 and 2 summarize the elution curves 
obtained by the three techniques, for the gel filtration 
of the two commercial samples. 

IO 20 30 40 50 

ml 

Fig. 1. Elution curves of Fluka humic acid. Sample volume: 
0.5 ml of 0.5% solution in 0.05M Na,P,O,: ~ electro- 
chemical detector response (sensitivity 0.5 PA full-scale 
deflection); --- ppm of iron from pulse polarographic 
measurements of the nitrosated fractions; .-.-. ppm of 

iron from atomic-absorption measurements. 
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n 1 

ml 

Fig. 2. Elution curves of Aldrich humic acid. Conditions 
and symbols as for Fig. 1. 

The curves obtained by use of the electrochemical 
detector and by pulse polarography of the nitrosated 
fractions differ noticeably in shape and in the position 
of the maximum. 

In the earlier communicationi it was pointed out 
that the response of the electrochemical detector is 
mainly due to the oxidation of phenolic and amino 
groups present in the humic acids. The comparison 
therefore suggests that the pulse polarographic re- 
sponse is not attributable to nitrosated phenolic 
compounds. 

It is known that the humic acids contain variable 
amounts of several metals such as Al, Fe, Cu, etc., so 
we have made atomic-absorption (AA) mea- 
surements on the chromatographic fractions, to try to 
elucidate the discrepancy. 

The elution curves obtained by AA by deter- 
mination of iron, show excellent agreement with 
those obtained by pulse polarography, so it seems 
reasonable to attribute the polarographic response to 
the reduction of some nitroso-complex of iron. 

This assumption has been confirmed by nitrosation 
of solutions containing known quantities of Fe(III), 

followed by polarography: these solutions gave a 
reduction peak at -0.63 V vs. SCE, confirming the 
attribution to reduction of an iron complex. The peak 
can be used to evaluate the concentration of iron, as 
shown in Figs. 1 and 2. 

Conclusions 

From the results reported we can conclude that 

though phenolic and amino groups are certainly 
present in the humic acids, they are not all easily 
converted into nitroso derivatives, so the nitrosation 
technique9 may give unreliable results. 

However, since under our chromatographic condi- 
tions the iron is practically concentrated in one or 
two fractions, the nitrosation technique, coupled with 
pulse polarography, can be used for the deter- 
mination of iron traces in natural humic acids. 
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Summary-Malonic acid is quantitatively oxidized to carbon dioxide and water when refluxed for 120 min 
in sulphuric acid medium (concentration Z 1SM) with at least four times as much thallium(II1) as that 
stoichiometrically required for complete oxidation. The thallium(I) formed is estimated bromatometrically 
in the presence of 1 S-2M hydrochloric acid, with Methyl Orange as indicator. The indicator correction 
is negligible. The relative mean deviation is 0.2%. Possible side-reactions and their suppression are 
discussed. 

Most reactions used for the determination of malonic 
acid do not proceed quantitatively to give the ulti- 
mate oxidation products of carbon dioxide and 
water, and stop either at the formic acid stage’” or 
some non-stoichiometric intermediate stage.4.5 For 
example, in the methods described by Masayoshi et 
a1.4 and Willard and Young5 the consumptions of 
oxidant are 4.34 and 6.66 equivalents respectively per 
equivalent of reductant. Jaiswal and Yadava6 have 
described a method for determination of malonic acid 
by oxidation with excess of ditelluratocuprate(II1) to 
carbon dioxide and titration of the unconsumed 
oxidant with arsenic(III), but the oxidant used is not 
quite stable. Sharma and Mehrotra’ have described a 
two-stage procedure in which the malonic acid is first 
refluxed with excess of cerium(IV) in 1M sulphuric 
acid for 15 min and then in 12M sulphuric acid for 
90 min. This stepwise procedure was said to oxidize 
the malonic acid first to formic acid and then to 
carbon dioxide and water. For the second stage 
concentrated sulphuric acid is added through the 
condenser by pipette so that no formic acid is lost 
during the addition. Later, the same authors’ re- 
ported that pure ceriuni(IV) sulphate cannot oxidize 
formic acid to carbon dioxide and water in the second 
stage, and attributed the complete oxidation reported 
earlier to the presence of Cr(II1) as impurity in the 
cerium(IV) sulphate used. The drawbacks of their 
method are (i) it requires 12M sulphuric acid for 
complete oxidation, which restricts the volume of 
malonic acid and cerium(IV) solutions that can be 
used, (ii) the high sulphuric acid concentration used 
in the oxidation poses difficulties in the estimation of 
unconsumed cerium(IV), (iii) the addition of concen- 
trated sulphuric acid for the second stage is cum- 
bersome. We have investigated the reaction between 
thallium(II1) and malonic acid and established the 
conditions for a convenient direct determination of 
malonic acid by quantitative oxidation to carbon 
dioxide and water. 

EXPERIMENTAL 

Reagents 

Thallium(II1) hydroxide was prepared as reported earlier9 
and dissolved in a suitable amount of sulphuric acid. The 
thallium content was estimated iodometrically”’ and verified 
by other methods.9~” 

An aqueous malonic acid solution was prepared and 
standardized by the procedure of Sharma and Mehrotra.’ 

All the other reagents used were of analytical-reagent 
grade. 

Recommended procedure 

To an aliquot containing 0.01-0.10 mmole of malonic 
acid add 45 ml of 2.5M suiphuric acid and 1.6 mmole of 
thallium(II1) and dilute the mixture to 75 ml. Reflux for 120 
min. Add 15 ml of concentrated hydrochloric acid, 0.1 ml 
of 0.1% Methyl Orange solution, maintain at 60” and titrate 
the thallium(I) with 0.00829M (1.392 e/l.) ootassium 
bromate until the indicator is destroyed. Fr% tde amount 
of thallium(I) formed, calculate the amount of malonic 
acid. Malonic acid (mmole) = 0.75 x molarity of KBrO, 
x volume (ml) of KBrO,. 

RESULTS AND DISCUSSION 

The reaction between thallium(II1) and malonic 
acid when these are refluxed in sulphuric acid me- 
dium was monitored by potassium bromate titration 
of the thallium(I) formed. At sulphuric acid 
concentrations 2 2M the decolorization of Methyl 
Orange (as indicator) is slow, so Brilliant Ponceaux 
5 R was used instead. At lower acidity either indi- 
cator can be used. Unreacted malonic acid does not 
interfere in the titration of thallium(I) at concen- 
trations up to 1.6 x 10e3M, but causes positive errors 
for higher concentrations. 

The effect of the concentration of thallium(II1) and 
acid on the oxidation of malonic acid was in- 
vestigated, and typical results are given in Tables 1 
and 2. From these the following conclusions can be 
drawn. 

(a) Refluxing for about 120 min in 1.5M sulphuric 
acid medium with four times the amount of thal- 
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Table 1. Effect of thallium(II1) concentration on the rate of oxidation of 0.05 
mmole of malonic acid in 75 ml of 1.5M sulnhuric acid 

Amount of 
thallium(III), 

mmole 5* 20* 30* 60* 75* 90* 120’ 180* 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 
1.2 
1.6 

20.0 40.0 48.0 48.3 49.0 49.0 49.0 49.0 
22.0 51.0 64.0 72.0 77.0 82.0 85.0 85.0 
33.0 63.0 76.0 87.5 88.0 90.0 91.0 91.0 
46.0 80.0 89.0 96.5 97.0 97.3 97.8 97.8 
51.0 95.0 96.0 98.0 98.5 98.8 99.3 99.5 
70.0 96.0 97.0 99.0 99.3 99.5 100.0 100.0 
81.0 97.0 98.0 99.0 99.3 99.5 100.0 100.0 
92.0 98.0 98.0 99.0 99.3 99.5 100.0 100.0 
92.0 98.0 98.5 99.0 99.3 99.5 100.0 100.0 

Percentage oxidized 

*Reflux time, min. 

Table 2. Effect of sulphuric acid concentration on the rate of oxidation of 0.05 
mmole of malonic acid by 0.8 mmole of thallium(II1) in 75 ml of solution 

[Sulphuric Percentage oxidized 
acid], 

M 30* 45* 60* 75* 90* 120* 180* 

0.5 96.8 98.0 98.5 99.0 99.0 99.0 99.0 
1.0 97.0 98.5 99.0 99.3 99.5 99.8 99.8 
1.5 97.0 98.5 99.0 99.3 99.5 100.0 100.0 
2.0 97.0 98.5 99.0 99.3 99.5 100.0 100.0 
2.5 97.0 98.5 99.0 99.3 99.5 100.0 100.0 

*Reflux time, min. 

lium(II1) required for complete oxidation of malonic plete oxidation of malonic acid showed that acetic 
acid, gives complete oxidation to carbon dioxide and acid resists oxidation, glyoxylic acid requires more 
water. than 120 min for complete oxidation and glycolic acid 

(6) At lower sulphuric acid concentration and/or undergoes only partial oxidation. Hence the ox- 
with a smaller excess of thallium(III), negative errors idation probably does not take place by routes (l), (2) 
are obtained even with longer reflux times. or (3). On the other hand, tartronic, meso-oxalic 

It is clear that under the conditions stated in (6) 
and oxalic acid all require less time for complete 

above, side-reactions occur which result in incom- 
plete oxidation. The probable routes of oxidation of 
malonic acid are: 

HOOC -CH,-COOH +CH$OOH 
Malonic acid 

1 
OH 
-1 OHCH,COOH 

HOOC -CH -COOH 

CHO W 
Tartronic acid B G’ycoT acid 

I 
HCHO 

COOH 9 
(3) 

Glyoxylic acid 
(2) 

II 
HOOC-C-COOH ---f (COOH)2+C02 + H,O 

Meso-oxalic acid 

Studies on the oxidation of glyoxylic acid, glycolic 
acid and acetic acid under the conditions for com- oxidation than that needed for complete oxidation of 

malonic acid. Furthermore, the presence of glyoxylic 
acid or formaldehyde could not be detected in the 

*The chromotropic acid and pyrogallol carboxylic acid 
testsI were used but thallium(II1) was found to inter- 

solution under the conditions [stated under (a) above] 

fere. Hence, the thallium(II1) was first reduced to 
for quantitative oxidation of malonic acid. Under the 

thallium(I) by heating’ in the presence of excess of conditions in (b), both glyoxylic acid and for- 
oxalate. Thallium(I) and oxalate do not interfere in maldehyde can be detected.* Hence the course of 
these spot-tests. complete oxidation of malonic acid by thallium(II1) 
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Table 3. Effect of thallium(II1) concentration on the extent 
of oxidation of 0.05 mmole of malonic acid in 75 ml of 1.5M 
sulphuric acid [x mmole of thallium(II1) added, reflux for 
120 min, then (0.8 - x) mmole of thallium(II1) added and 

reflux continued for a further 120 min] 

Total percentage 
Percentage oxidation oxidation with x and 

& with x mmole of (0.8 - x) mmole of 
mmole thallium(II1) thallium(II1) 

0.00 62.5 
0.05 23.0 81.0 
0.10 48.8 86.0 
0.15 65.5 88.5 
0.20 85.3 91.0 
0.30 90.5 95.8 
0.40 91.8 98.0 
0.80 100.0 100.0 

Table 4. Effect of reflux time on the oxidation of 0.05 mmole 
of malonic acid in 75 ml of 1.5M sulphuric acid in the 
presence of different amounts of thallium(II1) [x mmole of 
thallium(III) added, refluxing for t min, then (0.8 -x) 
mmole of thallium(II1) added and reflux continued for 120 

min] 

Percentage oxidation 

x, mmole t =30 t=60 t=!w t = 120 

0.05 89.0 87.0 85.0 81.0 
0.10 92.0 89.0 87.0 86.0 
0.20 95.5 93.5 92.3 91.0 
0.30 97.3 96.8 96.0 95.8 
0.40 98.8 98.5 98.0 98.0 
0.80 100.0 100.0 100.0 100.0 

is probably by route (4) and may be written as 

CH,(COOH), + Tl(II1) + H,O --) 

HOHC(COOH)r + Tl(1) + 2H+ 

OHCH(COOH)z + Tl(III) -+ 

OC(COOH)r + Tl(1) + 2H + 

OC(COOH)r + Tl(II1) + H,O + 

Tl(1) + COr + 2H + + (COOH), 

(COOH), + Tl(II1) + Tl(1) + 2COr + 2H+. 

Separate studies were made on the oxidation of 
malonic acid with less than the necessary amount of 
thallium(II1) in 1.5M sulphuric acid medium, with 
refluxing for different initial periods, and followed by 
refluxing for a further 120 min after addition of 
enough thallium(II1) to bring the reaction mixture to 
the conditions required for complete oxidation. The 
results are given in Tables 3 and 4 and show that: 

(a) as the thallium(II1) concentration initially ad- 

Table 5. Estimation of malonic 
acid 

Malonic acid, mmole 

Taken Found 

0.0100 0.0100 
0.0188 0.0188 
0.0200 0.0200 
0.0495 0.0495 
0.0500 0.0499 
0.0600 0.0603 
0.0800 0.0803 
0.1000 0.0996 

ded is decreased (Table 3), the percentage of malonic 
acid oxidation is also decreased; 

(b) as the time of initial refluxing increases 
(Table 4), the percentage of malonic acid oxidation 
is decreased. 

These observations show that in the presence of 
less than 1.5M sulphuric acid and/or less than four 
times the stoichiometric amount of Tl(III), malonic 
acid undergoes side-reactions (probably giving rise to 
acetic acid, glycolic acid or glyoxylic acid) and oxi- 
dation is incomplete. 

Interferences 

Acetic, propionic, succinic, glutaric, adipic and 
pimelic acids do not interfere. Oxalic, formic, lactic, 
malic, tartaric and citric acids interfere because they 
also react with thallium(II1) under the conditions 
used. 

Typical results for determination of malonic acid 
are given in Table 5. 
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Summary-A liquid-state ion-exchange electrode containing the chelate bismuth(II1) complex with 
5-mercapto-3-(naphthyl-2)-1,3,4-thiadiazole-2-thione in tetrachloroethane is applied to the determination 
of bismuth(II1) by direct potentiometry and potentiometric titration. The influence of various interfering 
cations is discussed. In the presence of potassium cyanide as masking agent, Ni(II), Co(II), Cu(II), Ag(I) 
and Hg(I1) do not interfere in the potentiometric EDTA titration. Satisfactory results have been obtained 
for the determination of bismuth(II1) in Wood’s metal and two pharmaceuticals. 

In a previous paper’ we described a liquid-state 
membrane electrode sensitive to bismuth(II1) cations. 
The slope of the calibration graph was 18.7 mV/pa,,+ 
in the pusi,+ range 6.5-9.5. The potential of the 
electrode was established within about 10 set for 
10-4-10-2M Bi(II1) solutions and 3 min for 
10-6-10-5M Bi(II1). The potentials obtained were 
constant over a 20-day working period. The electrode 
was characterized by good selectivity coefficients for 
bivalent cations, and also for Al’+, Fe3+ and Th4+ 
(KailrlMI+ < 10e5 ). Cations found to interfere were 
Ag+, Hg2+ and Cu2+. 

The potentiometric methods proposed below 
broaden the known possibilities for the determination 
of bismuth(II1). 

EXPERIMENTAL 

Reagents and apparatus 

All reagents used were of analytical-reagent grade. The 
water used was doubly distilled in a quartz still. 

A 0.2M ammonium acetate and 0.7M acetic acid buffer 
was used throughout unless otherwise stated. 

E.m.f. measurements were made with an Elpo pH-meter 
type N-512, connected to a Zeiss recorder (type G, B,) and 
a Meratronik V 530 digital voltmeter. This system allowed 
the e.m.f. to be read to k 0.1 mV. The ion-selective electrode 
was of liauid-membrane tvDe. based on a 5 x lo-‘A4 
solution of the bismutd- complex of 5-mercapto- 
3-(nanhthvl-2)-1.3.4-thiodiazole-2-thione(bismuthiol III) in 
1, i’,2:2’-t&ra~hl&ethane. The constru&on of the wo&ng 
electrode and measuring cell were as described previously.’ 
Measurements were made on the final sample solutions 
prepared as described below. 

Preparation of samples 

Wood’s metal. A l-g sample was dissolved in concen- 
trated nitric acid in a heated quartz flask. Metastannic acid 
was filtered off and washed and the filtrate diluted to volume 
with water in a 25-ml standard flask. A l-ml aliquot was 
diluted to volume with ammonium acetate buffer in a 
lOO-ml standard flask. 

Pharmaceutical No. 1. A 2-g sample of the powder was 
dissolved in hot concentrated nitric acid and the solution 

diluted to volume with water in a lOO-ml standard flask. A 
lO-ml aliquot was taken and diluted to volume in a lOO-ml 
standard flask with ammonium acetate buffer. 

Pharmaceutical No. 2. A weighed tablet was dissolved in 
hot concentrated nitric acid in a quartz flask. The solution 
was filtered and made up to volume in a lOO-ml standard 
flask with water. A lO-ml aliquot was further diluted to 
IOOml (standard flask) with ammonium acetate buffer. 

RESULTS AND DISCUSSION 

As shown in the previous paper’ the electrode can 
be used for the determination of Bi(II1) in the range 
pC,(,,,, = 2-5. The linearity of the calibration graph 
is not affected by Ca(II), Mg(II), Zn(II), Ni(II), 
Co(II), Mn(II), Cd(I1) and Fe(II1) in concentrations 
up to O.OlM. The effect of Cu(I1) and Pb(I1) is 
illustrated in Fig. 1. 

Fig. 1. Calibration curves of the electrode in Bi(II1) solu- 
tions in the presence of interfering ions; all calibration 
curves start at PC,, = 2.1, Bi or Bi + Ni(II), Zn(I1) or 
Fe(II1) (IO-‘M); 2, Bi + Cu(I1) (10e4M); 3, Bi +Cu(II) 
(lo-‘M); 4, Bi + Cu(II) (lo-*M); 5, Bi + Pb(II) (10W3M); 6, 

Bi + Pb(I1) (10-2M). 

212 
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The application of the method is restricted to the 
bismuth concentration range 10-3-10-2M in the pres- 
ence of lo-*M Pb(I1) and 10m4M Cu(I1). The effect 
of lead is especially severe at bismuth concentrations 
below 10m3M, and it is therefore necessary to know 
the approximate molar Pb/Bi ratio in the sample; if 
this exceeds 10, the determination by potentiometry 
is impossible. The determination of Bi(II1) by direct 
potentiometry is impossible when the concentration 
of Cu(I1) is greater than 10-4M. In the presence of a 
large excess of Cu(II), Pb(II), Hg(I1) and Ag(I), the 
bismuth(II1) in its Bismuthiol III complex in the 
membrane is replaced by the interfering ion, making 
the electrode sensitive to that ion. A statistical anal- 
ysis of the results of bismuth determination in the 
presence of some interfering ions, by the 
standardization-graph and standard-additions meth- 
ods, is shown in Table 1. The presence of interfering 
ions reduces both the accuracy and precision of 
Bi(II1) determination by direct potentiometry. An 
advantage of this method, however, is that Bi(II1) can 
be determined in the presence of Pb(I1) and Cd(I1) 
whereas these ions make the potentiometric titration 
of bismuth impossible. 

The electrode operates successfully as the indicator 
electrode in potentiometric titrations of Bi(II1) with 
EDTA. Good titration curves are obtained for ti- 
tration of 5 x 10-5-10-2M bismuth, but the shape of 
the titration curves is affected by the presence of 
certain other cations. Ca(II), Mg(II), Mn(II), Al(II1) 
and Fe(II1) ions at concentrations up to lo--‘M do 
not interfere with the course of titration of lo-‘M 
bismuth (Fig. 2), but Co(II), Ni(II), Cu(II), Zn(II), 
Ag(1) and Hg(I1) causes significant changes in the 
shape of the titration curves because of their effect on 
the electrode potential. Despite the good selectivity 
coefficients for Ni(II), Co(I1) and Zn(II), the influence 
of these ions is apparent at the low concentrations 
of Bi(II1) in the vicinity of the end-point (e.g., 
Figs 3). 

In the presence of Cu(I1) ions, it is the sum of 
Bi(II1) and Cu(I1) which is titrated, unless the copper 
is masked, e.g., with cyanide. When Ag(1) and Hg(II) 
are present, the changes in the shapes of the titration 
curves are so extensive that Bi(II1) can only be 
determined if the silver and mercury are masked. 

80 - 
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Fig. 2. Potentiometric titration curves for Bi(II1) IO-‘A4 
with EDTA in the presence of interfering ions. 1. Mn(I1) or 
Mg(II), or Ca(I1) (10-‘&f). 2. Fe(II1) (10m3M), 3. Al(II1) 

(lo-‘M), pH = 6. 
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Fig. 3. Potentiometric titration curves for Bi(II1) 10e3M 
with EDTA in the presence of Ni(I1) (10-3M) pH = 6, 1. 

without mashing, 2. in the presence of CN-. 

Table 1. A statistical evaluation of the results of Bi(II1) determinations in the presence of interfering 
ions (concentration lo-‘M) by the standardization graph method (1) and the method of standard 

additions (2); Bi(II1) present = 8.36 mg, n = 10 

Average result Relative standard 
of determination, Standard deviation, deviation, Error, 

Interfering mg mg % % 

ion 1 2 1 2 1 2 1 2 

8.36 8.33 0.09 0.16 1.1 2.0 0 -0.4 
Pb(I1) 8.32 8.32 0.27 0.29 3.3 3.5 -0.5 -0.5 
Zn(I1) 8.28 8.32 0.24 0.13 2.9 1.6 -1.0 -0.5 
Cd(I1) 8.46 8.28 0.30 0.27 3.6 3.3 +1.2 -1.0 
Fe(III) 8.51 8.32 0.30 0.22 3.6 2.1 +I.8 -0.5 
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Table 2. A statistical evaluation of Bi(III) determination by potentiometric 
titration with EDTA in the presence of interfering ions and in pure solutions; 
Bi(II1) content 10.45 mg, n = IO; for each titration a freshly-mounted electrode 

was used 

Solution 
analysed 

Average 
result, 

mg 

Standard 
deviation, 

mg 

Relative 
standard 

deviation, Error, 
% % 

Bi(III)* 10.39 0.04 0.4 -0.6 
Bi(II1) 10.56 0.09 0.9 +1.0 
Bi(II1) + 10-‘M 10.47 0.09 0.9 +0.2 

Fe(II1) 
Bi(II1) + lo-‘M 10.43 

Ha(H) (masked with CN-) 
0.05 0.5 -0.2 ’ 

*The same electrode was used for all titrations. 

Table 3. Determination of Bi(II1) in various samoles (5 renlicates) 

Sample Method* 

Wood’s metal A 
B 

Bismuth nitrate C 
pharmaceutical D 

B 
Bismuth aluminate C 

pharmaceutical D 
B 

Mean f confidence 
interval (95%), 

g 

Relative 
standard 

deviation, 
% 

0.440 * 0.011 0.5 
0.439 * 0.017 0.7 

0.3804 f 0.0013 0.2 
0.381 f 0.013 2.5 
0.381 f 0.007 0.9 

0.1317 ~0.0011 0.6 
0.132 f 0.005 2.3 
0.132 k 0.003 1.3 

A = standardization graph method. B = EDTA titration (Pyrocatechol Violet). 
C = EDTA titration (potentiometric). D = standard additions method. 

Cyanide can be used for this purpose, and also for 
masking copper, nickel and cobalt. 

Zinc(I1) can be satisfactorily masked with 
1,4,8,1 l-tetra-azacyclotetradecane-N,N’,N”,N”-tetra- 
methylphosphonic acid (TATMF).* 

The determination of Bi(II1) by potentiometric 
titration both in pure solution and in the presence of 
10w3M Fe(II1) and Hg(I1) masked with cyanide has 
been statistically evaluated (Table 2). The accuracy 
and precision are not reduced by the presence of 
interfering ions, and the low values of the standard 
deviation show that this is a precise method of 
determining Bi(II1). 

To test the usefulness of the electrode in the 
analysis of natural samples, Bi(II1) in Wood’s metal 
and two pharmaceuticals was determined. Because of 
the presence of Cd(I1) and Pb(II), the bismuth in 

Wood’s metal was determined by direct poten- 
tiometry (standardization-graph method). Bis- 
muth(II1) in the two pharmaceuticals (bismuth ni- 
trate and bismuth aluminate) was determined by 
potentiometric titration and by the standard- 
additions method. For comparison, an independent 
determination was done by EDTA titration, with 
Pyrocatechol Violet as indicator. The results are 
presented in Table 3. The results of the deter- 
minations by the present method are consistent with 
those obtained by complexometric titration and show 
a greater precision. 
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Summary-A method for quantitative extraction of zinc with potassium ethyl xanthate into carbon 
tetrachloride is described. The optimum conditions are: pH Sd and Zn(II) to reagent - 1: 8 mole ratio. 
The effects of other ions on the extraction of Zn 2+ have been investigated, and its separation from As3+, 
Pb*+, Cu*+ and Fe’+ is described. The possibility of repeated use of the solvent (still loaded with xanthate 
after the zinc has been stripped) for further extractions (after addition of a little extra xanthate) has been 
explored. Various stripping agents have been examined, and the optimum conditions found. 

Extraction of their alkyl xanthate complexes is useful 
for the separation of certain metal ions,‘” and the 
solvent extraction of ethyl xanthate complexes has 
been reviewed by Donaldson.9 Zinc(I1) forms an 
extractable ethyl xanthate complex, and this paper 
describes improved conditions for extraction of the 
complex, the effect of diverse ions on the extraction, 
stripping of the zinc from the extract, separation of 
zinc from interfering ions, and the possible use of the 
extraction system in counter-current processes. 

Reagents 
EXPERIMENTAL 

Potassium ethyl xanthate was either preparedlo*” or pur- 
chased (>99’/_ pure, Fluka), and used as a 1% solution in 
water. All other chemicals used were of CP or analytical- 
reagent grade. The water used was always demineralized 
and doubly distilled. 

General procedure 
Zinc solution (O.O8M, 1.0 ml), 9 ml of water and a drop 

of acetic acid (1:l) were placed in a loo-ml separatory 
funnel, 10 ml of 1% xanthate solution were added, and the 
mixture was shaken with 20 ml of carbon tetrachloride for 
l-2 min (at about 2 strokes per set). The organic layer was 
separated, and the aqueous layer extracted with a further 
5 ml of carbon tetrachloride. The combined extracts were 
used for subsequent studies. The zinc in the organic phase 
was determined after evaporation of the carbon tetra- 
chloride in the presence of 20 ml of water. In the stripping 
experiments the organic extract was shaken with an equal 
volume of stripping solution for 34 min (at about 2 strokes 
per set), and the zinc concentration in the aqueous phase 
was determined complexometrically by EDTA titration al 
pH -6 (hexamine buffer) with a mixed indicator consisting 
of Xylenol Orange (0.5% solution, 3 drops) and Methylene 
Blue (O.l%, 1 drop). 

RESULTS AND DISCUSSION 

The results are discussed on the basis of single 
extractions unless otherwise mentioned., 

*Part of this work was done in the microanalytical labora- 
tory, Science College, Calcutta 9, India. 

tTo whom all correspondence should be addressed. 

Complete extraction of Zn-xanthate complex and 
iterative use of the extractant 

The stable Zn-xanthate complex (1 :2)9 is com- 
pletely extracted at pH 5-6 (Fig. 1). It has been found 
that if the aqueous zinc solution is adjusted to pH 3-4 
(with acetic acid) before addition of the xanthate, the 
necessary pH value is reached after the xanthate 
addition. The complex is 97-98x extracted into 
carbon tetrachloride (1: 1 phase-volume ratio) when a 
300% excess of xanthate is present. Extraction into 
chloroform is less complete (-90%)‘*~” under these 
conditions. Furthermore, if the carbon tetrachloride 
extract is stripped with O.lM hydrochloric acid, the 
stripped solvent can be used for extraction of another 
zinc solution, and because the solvent contains the 
xanthate liberated in the stripping, less xanthate 
needs to be added to the zinc solution. Thus tests 
showed that after extraction of 5 mg of zinc 
(80ymole) in the presence of 100 mg of potassium 
ethyl xanthate, and stripping, the carbon tetra- 
chloride could be used for at least five more similar 
extractions if 25 mg of xanthate (2.5 ml of 1% 

0 2 4 6 8 

PH 

Fig. 1. Effect of pH on extraction of zinc. 
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Table 1. The effect of various ions on the zinc extraction 

Amount, Apparent extraction,* 
Ion W % 

cur+ 5 Negative interference 
co2+ 5 Positive interference 
Fe’+ 5 Positive interference 
Hg2+ 10 92.6 
uo:+ 20 95.3 
Cr’+ 5 96.5 
Cd” 10 Positive interference 
As(M) 10 96.5 
F- 10 91.8 
vo; 10 70.5 
so:- 10 97.7 
H,PO; 10 95.3 
Tartrate 10 96.5 
Citrate 10 68.1 
EDTA2- 10 64.3 

*As found by stripping and EDTA titration. 

solution) were added to each fresh zinc solution taken 
for extraction. This offers economy in the use of 
xanthate, and has potential applications in counter- 
current extraction or recycling systems. 

Interferences 

The effect of various ions on a single extraction of 
4 mg of zinc under the conditions of the general 
procedure was examined. The results are shown in 
Table 1. It can be seen that Cu2+, Co2+, Fe3+, Hg2+, 
Cd*+, F-, VO;, citrate3- and EDTA2- always inter- 
fere. It is known’4J5 that trace amounts of Cu2+ and 
Fe3+ form stable xanthate complexes over a wide 
range of pH (3-11). The copper xanthate is prac- 
tically insoluble in carbon tetrachloride, but appears 
to adsorb some zinc xanthate, since the recovery of 
zinc increases with repeated extraction. Again, a very 
stable Zn-EDTA complex (conditional stability com- 
stant at pH 5 is N 10”) is formed at the pH at which 
the zinc xanthate complex is formed. Vanadate proba- 
bly oxidizes some xanthate. Positive interferences are 

due to co-extraction (and subsequent co-titration) of 
the metal xanthates. 

Separation of Zn2+ from the interfering ions 

From Pb2+, Co*+ and As(ZZZ). Zn2+ can be sepa- 
rated from mixtures with Pb’+, Co2+ and As(II1) by 
extracting Zn*+, Pb2+ and Co2+ with xanthate and 
carbon tetrachloride at pH N 6, which separates them 
from As(III), then shaking the organic layer with 
twice its volume of 1.3M NH,Cl/7SM NH, buffer 
(PH N 10) for 5 min, which strips only Zn2+. 

From Cd2+. Zinc is quantitatively separated from 
cadmium by extraction of a mixture of the two with 
xanthate at pH N 6 into chloroform (two 20 ml 
portions) and then stripping of the zinc with two 
portions of 0.87M NH,Cl/O.OSM NH, buffer 
(pH = 8), each equal in volume to the organic phase, 
by shaking the mixture for 3 min. Higher concen- 
trations of the buffer components strip some cad- 
mium as well. 

From Cu*+. The separation can be accomplished in 
two ways. (a) Thiourea is added before the xanthate, 
then the mixture is shaken with an equal volume of 
6 : 1 v/v carbon tetrachloride-pyridine mixture ( N 5 
ml of pyridine) for each 2 mg of Cu2+. The brown 
organic layer (which turns light yellow on standing) 
is separated from the aqueous phase and shaken with 
an equal volume of 0.3-0.5M hydrochloric acid, 
which strips only the zinc. (b) The zinc is extracted 
by the general procedure, and the organic phase is 
separated from the insoluble yellow copper xanthate 
present in the aqueous layer. 

As already mentioned, large quantities of copper 
hinder the zinc xanthate extraction. However, re- 
peated extraction with either fresh carbon tetra- 
chloride or organic extract that has been stripped of 
zinc with O.lM hydrochloric acid, will separate the 
rest of the zinc almost completely. A typical set of 
results is given in Table 2. 

Table 2. Separation of Zn*+ from Cu2+-Zn2+ mixture and iterative use of the 
extractant 

Cu2+ soln.* Xanthate soln. Zn2+ Total Zn2+ 
added, added, Ccl., used, extracted,? extracted, 

ml ml ml % % 

1st N 25.0 95.7 
1.0 15.0 1 99.7 

2nd _ 25.0 4.0 

1 st N 30.0 83.0 

2.5 20.0 2nd 1 _ 30.0 14.0 99.5 

3rd 1 _ 30.0 2.5 

1st * 40.0 71.0 

5.0 30.0 
1 

2nd N 40.0 22.0 98.6 

3rd 1 N 40.0 5.6 
*Cu2+ 2 mg/ml. 
tReferred to the 5mg of zinc taken; extract stripped before reuse. 



umes of extract and pure water it is ~34.5% com- 
plete. NH&l/NH, buffer (PH 2 7) also strips zinc 
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almost completely. The effect of the other stripping 
agents is shown in Fig. 2. Only 5.OM ammonium 
acetate and the most concentrated pH N 7 buffer 
proved really effective. 

I; 
40 

Ion-exchange tests showed that zinc was present as 
a cationic species when stripped with sodium acetate 

s or low concentrations of notassium or ammonium 
20 chloride, but as anionic complexes when stripped 

with higher concentrations of the chlorides. The 
0 

-2 -1 0 1 
greater efficiency of ammonium acetate as a stripping 

Log M (M= Celectrolytel, mole/ 1.) 
agent may be due to formation of zinc ammine 
complexes. 

Fig. 2. Stripping of zinc from organic phase to aqueous 
phase with electrolyte solutions and buffer solutions. Molar Acknowledgements--One of the authors (A.K.C.) expresses 
concentrations used: (A) NH&l, 0.02-4.0; (w) NH,Ac, his grateful thanks to Professor R. SchlBgl, Director and 
0.02-5.0; (0) KCl, 0.05-4.0; (0) NaAc, 0.01-3.0; (A) Head of the Department of Physical Chemistry, Max- 
NaCIO,, 0.01-5.0; ( x ) NH,Cl/NH, buffer (pH _ 7) 
0.217/0.0013-4.35/0.025; (@) NaAc/HAc buffer @H N 6) 
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Summary-The use of thermometric titrimetry in the determination of acidic substances in red wine is 
described. The titration curve obtained in the thermometric titration of red wine with strong base presents 
two inflections. The stoichiometry corresponding to the first inflection presents good agreement with the 
so-called “total acidity” of wine, and is proposed for its determination. The second inflection is related 
to the content of phenolic substances in red wine. 

The use of thermometric titrimetry in the deter- 
mination of inorganic acids, carboxylic acids‘ and 
phenols has been extensively studied.‘,* It is well 
known that this technique can be used for the alka- 
limetric titration of even very weak acids.’ Moreover, 
being a linear method, thermometric titrimetry may 
be more suitable than potentiometric titrimetry for 
end-point detection of components of a mixture of 
weak acids.’ 

It is also well known that various acids and phen- 
olic substances are important components of wine, 
and it appeared to us to be of interest to investigate 
the application of thermometric acid-base titrimetry 
to this material, especially in view of the simplicity 
and low cost of the apparatus, and the ease of 
automation of the technique. 

We first compared the results of conventional 
thermometric titrimetry with the “total acidity” and 
the phenolic-substance content of red wine. The 
values of “total acidity” used for comparison were 
obtained by potentiometric titration to pH 8.2.4 The 
content of phenolic substances was obtained by per- 
manganate titration according to the procedure of 
Ribereau-Gayon and Maurie,’ modified by Ribereau- 
Gayon and Peynaud.6 

EXPERIMENTAL 

Procedure for thermometric titration 

A 50-ml sample of wine was placed in a lOO-ml Dewar 
flask and titrated with l.OM sodium hydroxide delivered at 
a constant rate of 0.4 ml/min from a syringe burette (Syringe 
pump 351, Sage Instruments). The detection and recording 
system has already been described.’ The first end-point was 
easy to detect and was given by the intersection of the 
extrapolations of the linear portions of the first and second 
parts of the curve (Fig. 1). The second end-point was 
determined in the same manner, as the intersection of the’ 
corresponding extrapolations of the second and third parts 
of the curve. However, in some cases the third part tended 
to be continuously rounded, and it was necessary to draw 
a tangent to it, in a standardized manner. A preliminary 
estimate of the second end-point is made by visual selection 

of point G as the point of deviation of the titration curve 
from line AB, and drawing a tangent at point F’, (located 
so that the projected distances D’ and E’ are equal). The 
intersection locates the “trial” end-point. The tangent can 
then be redrawn at F, which is located so that projected 
distances D and E are equal, and the new intersection gives 
the end-point, B. However, small variations in the length of 
E do not significantly affect the position of the second 
end-point. 

Procedure for potentiometric titration 

A lo-ml sample of wine was pipetted into a 250-ml 
Erlenmeyer flask, 100 ml of distilled water were added and 
the solution was titrated with O.lM sodium hydroxide, the 
end-point being located at pH 8.2. A Metrohi EA109 glass 
electrode and EA104 saturated calomel electrode, and an 
Orion Model 7Ql pH-meter were used for the pH meas- 
urements. The electrodes were calibrated with NBS pH 6.86 
buffer before starting the titration. 

RESULTS AND DISCUSSION 

A typical curve for the thermometric titration of 
red wine .with sodium hydroxide solution is shown in 
Fig. 1. There is a very distinct break at point A and 
a second but less distinct one at point B. The 
stoichiometry corresponding to titration volume C 
was compared with the so-called “total acidity” 
obtained by potentiometric titration to pH 8.2,4 and 
that for titration volume D was compared with the 
content of phenolic substances. If phenol was added 
to the wine, there was an increase in D, whereas C 
was unaffected, which supports the attribution of D 
to titration of phenolic components. 

Data for total acidity of wine 
The “total acidity” obtained potentiometrically is 

compared with the stoichiometry corresponding to C, 
in Table 1. A plot of the potentiometric results, y, us. 
the thermometric results, x, gave a straight line 
described by the equation y = 0.945x + 0.0045 (cor- 
relation coefficient 0.9884). In view of this we think 
that the thermometric titration may be proposed for 
determination of the “total acidity” of wine. 
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l.OM NAOH SOLUTION ! 1 division = 1 ml) 

Fig. 1. Curve corresponding to the titration of 50 ml of red 
wine with l.OM sodium hydroxide by conventional thermo- 
metric titrimetry. A-First equivalence point. B-Second 
equivalence point. C-Titrant volume corresponding to 
“total acidity”. D-Titrant volume corresponding to phe- 

nolic substances. (For D’, E, E’, F, F’, G, see text). 

Data for content of phenolic substances in red wine 

In Fig. 2 the thermometric titration curves of 
tartaric acid, gallic acid and a mixture of these acids 
are shown. The curve for tartaric acid, in which only 
the carboxylic acid group is titratable, has only one 
break point. On the other hand, gallic acid, which 
contains one carboxylic acid and three phenolic 
groups per molecule, gives two breaks on the curve. 
The first must correspond to titration of the carbox- 
ylic acid group and the second to titration of the 
phenolic groups. However, the reaction stoichi- 

Table 1. Values obtained for “total acidity” of red wine by 
potentiometric and conventional thermometric titrimetry 

Sample 
Total acidity, eq/l. 

Difference, 
number Potentiometric Thermometric % 

1 0.1040 0.1058 + 1.7 
2 0.0910 0.0918 + 0.9 
3 0.0650 0.0662 + 2.0 
4 0.0890 0.0905 + 1.7 
5 0.0830 0.0821 + 1.1 
6 0.0950 0.0966 - 1.7 
7 0.0768 0.0757 - 1.4 
8 0.0795 0.0765 - 3.7 
9 0.0963 0.0935 - 2.9 

10 0.0918 0.0893 - 2.7 
11 0.1145 0.1162 + 1.4 
12 0.0700 0.0711 + 1.5 
13 0.0875 0.0850 - 2.8 
14 0.0835 0.0797 -4.5 
15 0.0930 0.0920 - 1.1 
16 0.0795 0.0901 + 0.8 

Samples number 1, 4, 5, 6, 7, 8, 9, 10 and 11, Brazilian dry 
red wine; 12, Chilean dry red wine; 2,3 and 13, Brazilian 
sweet red wine; 14 and 15, Brazilian green wine; 16, 
Portuguese green wine. 

ometry for the phenolic groups is lower than ex- 
pected. This may be due to a very high pK for one 
of the phenolic groups or to hydrogen-bond for- 
mation. It is also seen that the addition of gallic acid 
to tartaric acid results in the appearence of a second 
break on the titration curve. Addition of phenol to 
the tartaric acid solution has the same effect. 

The titration curve for red wine, shown in Fig. 1, 
resembles that of the mixture of tartaric and gallic 
acids or of tartaric acid and phenol. Further, the 
addition of phenol to the wine results in an increase 
in the consumption of base in the second part of the 
titration, and if the red wine is first treated with 
charcoal there is a large decrease in base- 

I I 1 I I 1 I I- 

I 01. 
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l.OM NAOH SOLUTION ( 1 division = I ml) 

Fig. 2. Curves corresponding to the titration of tartaric and 
gallic acids with l.OM sodium hydroxide by conventional 
thermometric titrimetry. A-50 ml of 0.030M gallic acid; 
B-40 ml of 0.050M tartaric acid; C-mixture of 40.0 ml of 

0.050M tartaric acid and 35.0 ml of 0.03M gallic acid. 

60 - P 

40 - 

20 - 
I I I I I I I I,, , , I I I , 
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Fig. 3. Relation between the results for content of phenolic 
substances in red wine by thermometric titrimetry (0) and 
by permanganate titration (0). Samples number 1, 4, 5, 6, 
7, 8, 9, 10 and 11, Brazilian dry red wine; 2, 3 and 13, 
Brazilian sweet red wine; 12, Chilean dry red wine; 14 and 

15, Brazilian green wine; Portuguese green wine. 
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consumption in the second part. These facts all lead for helpful discussion in the course of this work. We are also 
us to conclude that the phenolic groups in the indebted to “CNPq-Conselho National de Desenvol- 

phenolic substances of wine are titrated after the vimento Cientlfico e Tecnolbgico” for a fellowship to one of 

carboxylic acid groups, to give the second part of the 
us (J.A.C.). 

curve. However, in view of the results for gallic acid 
we suppose that the phenolic groups may not be 
totally titrated. 

The second break in the curve is usually very 
rounded, which is why a standardized procedure is 
used for locating the second end-point. 

The results based on the determination of the 
end-point as described above are presented in Fig. 3, 
along with the results obtained by perrnanganate 
titration. The results are presented in terms of the 
number of equivalents of permanganate or sodium 
hydroxide consumed in titration of 1 litre of the wine. 
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Summary-Anodic-stripping voltammetry (ASV) has been used in the derivative mode for the deter- 
mination of cadmium, with a gold electrode in sulphuric acid medium containing selenium(IV). The peak 
height for cadmium is enhanced by the presence of iodide. The sensitivity for cadmium is very high, with 
a peak in the stripping voltamperogram at -0.27 V (us. Ag/AgCl). The peak height for cadmium is not 
affected by over a lOO-fold level of lead in the presence of selenium(N). The dependence of peak height 
on the cadmium concentration is linear in the range 0.05-10 ng/ml. 

Heavy-metal species such as copper(U), lead(I1) and 
cadmium(I1) are present at above normal levels in 
natural water in some areas. Cadmium is thought to 
be brought into the environment mainly by human 
agency. In the seas and rivers of some industrial areas 
cadmium concentrations may be a hundred or more 
times those in unpolluted regions. This creates a need 
for the determination of cadmium at various levels. 
This paper presents a method in which cadmium is 
determined by ASV. 

Solid electrodes, the hanging mercury drop elec- 
trode and mercury-film electrodes on various solid 
supports such as carbon paste, graphite and glassy 
carbon have all been used in anodic-stripping volta- 
mmetry. We used a gold electrode in our study 
because (a) it is easily treated, (b) it is unnecessary to 
remove oxygen, (c) since the hydrogen overpotential 
on gold is higher than that on platinum, and gold 
does not form an oxide film at potentials less positive 
than + 1.0 V in mineral acids, it is especially well 
suited to the determination of metals having a poten- 
tial more positive than that of mercury. 

Gold or gold-film electrodes have previously been 
used in the determination of copper(I arsenic(III),* 
bismuth(III),3 selenium(IV),4 mercury(II),’ nickel- 
(II),6 germanium(IV)’ and lead(II).s The work re- 
ported here demonstrates the use of a gold electrode 
for the determination of cadmium in sulphuric 
acid-iodide medium by derivative anodic-stripping 
voltammetry. 

EXPERIMENTAL 

Instruments and apparatus 

A model JP-IA oscillopolarograph (Chengdu Electronic 
Equipment Factory, China) was used in the first-derivative 
mode, and a 79-l voltammetric analyser (Jinan Fourth 
Radio Factory, China) was used in the secondderivative 
mode. A three-electrode system was used, and 

current-potential curves were recorded with an X-Y 
recorder. Solutions were stirred during the deposition step, 
with a general-purpose magnetic stirrer. 

A gold-disc electrode with a diameter of 2mm was 
employed as the working electrode. The surface of the gold 
electrode was first rubbed with emery paper and then 
polished with alumina paste to a mirror-like finish. A 
platinum-coil auxiliary electrode and an Ag/AgCl reference 
electrode were used, the latter being connected to the sample 
solution by a saturated potassium chloride salt bridge. The 
body of the auxiliary electrode and the reference electrode 
were assembled individually in quartz tubes fitted with 
porous quartz plugs. 

Reagents 

The sulphuric acid employed was of super-pure grade. 
The tetraethylammonium iodide and potassium iodide were 
of analytical grade. The concentrated ammonia solution was 
of general-reagent grade. Distilled water from a quartz still 
was used throughout. Stock solutions (1 mg/ml) of cadmium 
were prepared by dissolving weighed quantities of the 
high-purity (99.99%) metal in nitric acid (1 + 1) and diluting 
to volume with distilled water. Working standards contain- 
ing up to 1 pg/ml were prepared daily by diluting the stock 
solutions with distilled water. 

Procedure 

The sample solution was introduced into the electrolvsis 
cell and stirred with an electromagnetic stirrer at a constant 
rate. Cadmium was then deposited at a selected potential for 
a definite time, after which stirring was stopped and the 
solution was allowed to rest for 15 set, during which time 
the deposition potential was adjusted to the initial value for 
the scan. The potential was scanned at 100 or 250mV/scc 
and the stripping curve recorded. The concentration of 
cadmium was evaluated by the standard-addition method. 
After each determination, the potential was swept from 
+ 1 .O to + 1.8 V for l-2 min, to eliminate any trace sub- 
stances on the electrode. 

RESULTS AND DISCUSSION 

Choice of base solution 

Acidic media have often been used in conjunction 
with gold electrodes in anodic-stripping analysis, but 
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when we tried sulphuric acid media no stripping 
peaks were observed for cadmium (Fig. 1). When 
tetraethylammonium iodide was added to the sul- 
phuric acid media, however, a stripping peak for 
cadmium appeared in the voltamperogram (Fig. 1) 
with a peak potential of -0.27 V and very high 
sensitivity. This mixed electrolyte was therefore cho- 
sen for the determination of cadmium by ASV. 

When potassium iodide was used instead of tetra- 
ethylammonium iodide the same anodic stripi>ing 
peak for cadmium was obtained. Thus it may be 
concluded that the stripping peak of cadmium can be 
attributed to the effect of the iodide ion. 

Choice of concentrations in the base electrolyte 

The peak for cadmium was not affected by changes 
in sulphuric acid concentration over the range 
0.0002- 1.44N when 50 ppm of EtdNI were present. It 
can be noted from Fig. 2 that the stripping peak 
height for cadmium was constant for Et.,NI concen- 
trations ranging from 25 to 200 ppm at a sulphuric 
acid concentration of 0.36N, but its repeatability was 
poorer for Et.,NI concentrations above 150 ppm, 
owing to oxidation of the iodide on the surface of the 
gold electrode. Therefore 0.0002-1.44N sulphuric 
acid with 50 ppm EtdNI was chosen as the base 
electrolyte. When the cadmium content is very small, 

E (VI 

Fig. 1. Anodic-stripping voltammetric curves of cadmium. 
Cd(U) = 20 ng/ml, (a) 0.36N H,SO, (b) 0.36N H,SO,-50 

ppm Et,NI, (.&, = 0.4 V, Tdep = 1 min). 

Concsntrotion Et4NI I ppm) 
Fig. 2. Dependence of anodic-stripping peak height on 
Et,NI concentration. Cd(I1) = 5 ng/ml, (H$O, = 0.36N 

Fig. 4. Dependence of anodic-stripping peak heights on 

Edep = -0.4 V, tdep = 1 min). 
deposition time in 0.36N H,SO,-50 ppm Et,NI medium. 

Cd(I1) = 5 ng/ml, (& = -0.6 V). 

the sulphuric acid concentration must not be too high 
@H should be 24) so as to avoid hydrogen evolution 
on the surface of the gold electrode. 

Influence of deposition potential 

The stripping current was measured after deposi- 
tion for a definite time at various potentials. The 
results obtained are shown in Fig. 3. It can be seen 
that the peak height is independent of deposition 
potential in the range from -0.4 to -0.7 V, and 
diminished at more positive values. More negative 
potentials are unsuitable because hydrogen evolution 
on the surface of the electrode would influence the 
repeatability of the determinations. Therefore, depo- 
sition potentials ranging from -0.4 to -0.7 V were 
chosen as the optimum for the anodic-stripping deter- 
mination of cadmium. 

Influence of &position time 

A solution containing 5 ng of cadmium(I1) per ml 
was used for testing the dependence of the peak 
height on deposition time. The results obtained are 
shown in Fig. 4. It can be seen that the peak height 
is linearly proportional to deposition time but the 
proportionality constant changes at a deposition time 
of about 3 min. 

Interferences 

It was observed that when the concentration of 
cadmium was as low as 2 ng/ml the following con- 
centration levels of metal ions did not interfere: 
lOO-fold calcium, copper, iron(III), cobalt, nickel, 
titanium(IV), arsenic(III), molybdenum(VI), chro- 
mium(III), manganese(II), zinc and selenium(IV); 
30-fold bismuth; 20-fold silver, tin(IV) and mercury; 
IO-fold antimony(III), indium and lead. It should be 

Fig. 3. Dependence of anodic-stripping peak height on the 
deposition potential in 0.36N H,SO,-50 ppm EtdNI me- 

dium. Cd(I1) = 1 ng/ml, (t,,, = 1 min). 

I I I I I 
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noted that selenium has an interesting influence on 
the cadmium peak. A 100~ng/ml concentration of 
selenium(IV) diminishes the stripping peak for lead at 
the 2-ng/ml level and a peak potential of - 0.14 V, 
but a 200-ng/ml level of selenium(IV) does not inter- 
fere with the stripping peak for cadmium; even a 
300~ng/ml concentration of selenium only reduces the 
cadmium peak height by 25%. Therefore lead inter- 
ference with the cadmium peak can be reduced by 
adding a suitable amount of selenium(IV) to the test 
solution. For example, the cadmium in tap water can 
only be determined correctly after addition of a 
suitable amount of selenium(IV) to the sample solu- 
tion (Fig. 5). The appropriate amount of sele- 
nium(IV) to add can be found from Fig. 6. The peak 
height for cadmium is not affected by over 100 times 
as much lead in the presence of selenium(IV) when 
anodic-stripping voltammetry is used in the second- 
derivative mode. For such determinations it is there- 
fore preferable to add 60 ng of selenium per ml to all 
sample and standard solutions. 

Calibration 

Calibration curves for cadmium under the condi- 
tions described are linear over, the concentration 
range 0.05long/ml. It has been found that cali- 
bration curves based on the peak-heights measured in 

T 
I OnA 

1 

I , Pb, I 

0 14 -0.02 -018 -0.34 

E(V) 

Fig. 5. Anodic-stripping voltammetric curves of cadmium 
in tap water. (a) Tap water, (b) tap water + 50 ng/ml Se(IV). 

Fig. 6. Irdluence of selenium(IV) on peak heights of cad- 
mium and lead. (a) Cd(H) = 2 ng/ml, (f~) Pb(I1) = 2 ng/ml, 

(Edcp = -0.6 V, tdep = 1 mm). 

Table 1. Recovery tests 

Cd(I1) added, Cd(I1) found, Recovery, 
Sample nglml nglml % 

Tap water 0.50 0.52 104 
River water 1.0 1.1 110 
Waste water 2.5 2.3 92 

Table 2. Results for cadmium determination 
in some water samples 

Cd(I1) content, 
Sample nglml 

Tap water 0.12 + 0.01 (3)* 
River water 0.48 + 0.03 (3) 
Waste water 1.1 kO.1(3) 

*Average f standard derivation (number of 
determination). 

the first, second and third sweeps after one deposition 
are linear, both in the absence and in the presence of 
selenium, though the peaks became progressively 
smaller in later scans. Interestingly, the peak for lead 
becomes rapidly smaller in repeated scans, the effect 
being much more pronounced than it is for cadmium. 
Thus it is possible to determine small amounts of 
cadmium in the presence of much larger amounts of 
lead by measuring the height of the stripping peak in 
the second or third scan. 

Recovery and application 

A lO-ml sample of water, which had been acidified 
before use, was introduced into the electrolysis cell, 
the pH adjusted to 2-4 with 5% ammonia solution or 
0.9N sulphuric acid, then 0.05 ml of IO-mg/ml EtdNI 
solution and 0.06 ml of lo-pg/ml selenium(IV) solu- 
tion were added. Deposition was performed for a set 
time, with stirring, then after a 15-set pause the 
voltamperogram was recorded. Calibration was done 
by the standard-addition method. The recoveries 
were 92-l 10% (Table 1). The analytical results ob- 
tained are listed in Table 2. With this method it is 
possible to determine cadmium in domestic tap water 
and in some natural waters. 
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ANALYSIS OF EQUILIBRIUM IN HEME MODEL 
SYSTEMS, BY A SUCCESSIVE LINEAR 

REGRESSION METHOD 
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Summary--A method for determination of equilibrium constants in heme model systems is proposed, 
based on successive linear regression applied to spectrophotometric titrations. The method is illustrated 
for bis(dimethylglyoximate) iron(H) complexes with pyridine and Ccyanopyridine ligands. 

In this work we describe a convenient approach for 
dealing with successive equilibria, based on a simple 
computational method adapted for spec- 
trophotometric titrations. As a matter of interest, we 
have chosen typical iron(glyoximate complexes, 
because of their importance as models for the heme 
group.‘s2 These complexes are usually stabilized in the 
presence of axial bases, such as NzH4, py and im- 
idazole, forming Fe(Hdmg),(base), adducts. Mixed 
complexes of the type Fe(Hdmg),XY are also known, 
especially with contrasting X and Y ligands, such as 
N21-& and CO. When the bases are chemically similar, 
the mixed complexes are formed in equilibrium with 
the pure species. Their characterization requires a 
detailed analysis of the equilibrium reactions in- 
volved in the system. 

Reagents 
EXPERIMENTAL 

Iron(I1) acetate was prepared by reacting iron powder 
(Carlo Erba) with glacial acetic acid (Merck) under argon. 
F’yridine (Carlo Erba), 4-cyanopyridine (Aldrich), dimeth- 
ylglyoxime (Carlo Erba) and chloroform (Merck) were used 
as supplied. 

Fe(Hdmg)&CNpy), and Fe(Hdmg),(py), were synthesized 
from iron(H) acetate and the corresponding ligands, by the 
method of Pang and Stynes.3 C,,H,N,O,Fe requires C 
48.66x, N 18.92x, H 5.90%: analysis gave C 48.6%, N 
19.1x, H 5.4%. C,H,,N,O,Fe requires C 48.60x, N 
22.67x, H 4.49%: analysis gave C 48.40/,, N 22.8x, H 4.5%. 

Measurements ’ 
The electronic spectra of the complexes were recorded on 

a Cary 17 spectrophotometer fitted with constant- 
temperature cell compartments. The titration cell consisted 
of a conventional rectangular cuvette directly attached to a 
lo-ml cylindrical reservoir. The complexes and reagents 
were transferred under an argon atmosphere by syringe 
techniques. The measurements were made in duplicate, after 
10-15 min, to ensure complete equilibration of the system. 

Calculations 
The procedure employed for the evaluation of equi- 

librium constants is described in the next section. The data 
used for computational analysis were selected from the 
experimental plots of measured molar absorptivities vs. 
ligand concentration. The calculations were done on a 
Burroughs B6900 computer. 

RESULTS AND DISCUSSION 

The measured absorptivity of a system involving a 
series of successive equilibria, equation (l), can be 
expressed by equation (2). 

MA,+B+MA,_,B+A (1) 

~,=~o+~'ISJ +c2S2X2+. . .~"PJ" 
I 

1+~,x+~J2+...p,x” 
(2) 

In equation (2) the subscript zero refers to the 
starting complex, and X = [B]/[A]. It is assumed that 
the ligands A”and B do not absorb at the wavelengths 
employed for the measurements. When A is the 
solvent, the concentration of B should replace X in 
equation (2). 

There are several methods4s5 dealing with the eval- 
uation of the equilibrium constants and molar ab- 
sorptivities from equation (2). An extensive review 
has already been made by McBryde6 and will be 
omitted from this paper. One of the problems associ- 
ated with the methods available is the error intro- 
duced by using successive extrapolations. To over- 
come this problem, we have modified equation (2) in 
the following way: 

n-2 

Hi= 

CC- EO) -js, CEj - 4Bj* 

(6, - &x7 - ’ 

=(%I -4 
(E”_-t,) Bn.-,+BnX (3) 

I 

In equation (3), j = 1, 2,. . . n - 2, and the other 
terms have the conventional meaning. Starting with 
previously known 4, E,, 4 and Bj parameters, it is 
possible to evaluate Ed_ ,, fin_, and fin by linear 
regression analysis. As a matter of fact the linear 
dependence between Hi and X in equation (3) pro- 
vides a means of finding 6, _ , . By assuming an initial 
value of cn _ , and varying it successively in a series of 
linear regression analyses, we can find the point of 
maximum correlation. This point leads to the opti- 
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; I I I 
400 500 600 

X hm) 

Fig. 1. Spectrophotometric titration of Fe(Hdmg),(CNpy), 
(6.32 x 10-sM) (spectrum a) with pyridine (O.lSO- 
143.0mM) (spectra b-j), in the presence of 4-cyano- 
pyridine (8.36 mM), in chloroform solution, at 25”, argon 

atmosphere. 

mum parameters, minimizing simultaneously the 
errors for Bn _ , and B,. The computational work is 
quite simple, and can be performed even with small 
pocket computers. 

Using this method, we have investigated the 
equilibrium reactions of the trans-bis(4-cyano- 
pyridine)bis(dimethylglyoximate)iron(II) complex, in 
the presence of pyridine, in chloroform solutions: 

Fe(HdmgMCNpy)2 + PY 

* Fe(Hdmg),(CNpy) (Py) + CNPY (4) 

Fe(Hdmg)2(CNpy) (PY) + PY 

* Fe(Hdmg)2W2 + CNPY (5) 

Typical spectral changes observed for this system 
are shown in Fig. 1. A large excess of 4-cyanopyridine 
and pyridine relative to the iron(I1) complex was used 
to make the free ligand concentrations practically 
identical to the total concentrations. 

The variation of the correlation coefficient, and of 
the standard deviations of 8, and /12, as a function of 
cl, is shown in Fig. 2. The best correlation was 
found at 6, = 5.4 x lo3 l.mole-’ .cm-‘, coinciding 

I I 

5000 6000 

l , (M-‘cm-‘) 

Fig. 2. Variation of tire standard deviation of (a) B2, (b) & 
and (c) the correlation coefficient as a function of E, (535 

nm), based on equation (3). 

with the minimum on the standard deviation curves 
for /I, and /12. The optimum parameters are collected 
in Table 1. 

When a computer is not available, E, _ , , fin _ , and 
& can be calculated by a graphical procedure. By 
plotting the left-hand side of equation (3) against X, 
we obtain from the intercept: 

J-3 Hi = 
(G-1 -%)B,-, =z 

En - 63 
(6) 

Combining equations (6) and (3) gives 

Hi ---=~“+j&EG_ z(% - GJ 
x (6” - EJX (% - 6i)x 

(7) 

The equilibrium constants 8, and 8. _ , are obtained 
from the linear plots of the left-hand side of equation 
(7) against (cO - ~J/(E,, - LJX. Substitution of /I, _ , 
into equation (6) leads to c,, _ , . The results calculated 
in this way for the dimethylglyoximate complexes can 
also be seen in Table 1. There is a reasonable 

Table 1. Equilibrium constants of substitution in Fe(Hdmg)*(CNpy), by 
pyridine* 

QB 
Method K, (*d) K2 (k@ lO’I.mole-‘.cm-’ 

Iterativet 7.32 (0.01) 0.36 (0.02) 5.40 
Graphical$ 7.4 (0.3) 0.4 (0.2) 5.7 
Yatsimirskii~ 8 (3) 0.2 (0.3) 6.4 

*In CHCl,, at 25”, argon atmosphere. 
tBased on equation (3), including refinement cycles for free ligand concentration. 
$Based on equation (7). 
§Molar absorptivity of the mixed complex at 535 mn; e,, = 1.47 x lo4 and 

c,=3.53 x lO’l.mole-‘.cm-‘. 
IMethod described in reference 8. 
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As shown in Table 1, the method gives accurate 
results. It is ideal for a system with two successive 
equilibria, as for the complexes investigated here. In 
a system with three equilibria, K, and 6, should be 
previously determined, by working, for instance, with 
a large excess of the metal ion relative to the ligands. 
Like other methods based on equation (2), the actual 
free ligand concentrations are now known. 
Refinement cycles, starting with the total concen- 

’ -3 -2 -I 0 I 2 3 
trations, might be necessary, until self-consistency is 

log x achieved. 

Fig. 3. Distribution coefficients for the Fe(Hdmg),(CNpy),, 
Fe(Hdmg),(CNpy)(py) and Fe(Hdmg),(py), complexes, us. 

log [~YI/[CNPYI (= 1). Acknowledgement-A fellowship from FAPESP is grate- 
fully acknowledged. 

agreement with the optimum values based on the 
computational analysis. 

Equation (7) is also suitable for linear regression. 
Starting with an estimate of 1, the point of maximum 
correlation can be easily determined, yielding the 
optimized equilibrium constants. 

The distribution plots for the dimethylglyoximate 
complexes are shown in Fig. 3. The fact that K, is 20 
times K2 indicates a strong trans influence (in addition 
to the statistical effect), preferentially stabilizing the 
mixed (CNpy)Fe(Hdmg),(py) complex. It is consis- 
tent with the observed tendency for the heme group 
to bind contrasting axial ligands, such as imidazole 
and CO, or imidazole and thioether residues of 
amino-acids (e.g.,5 in cytochrome-c). 

REFERENCES 

1. B. A. Jillot and R. J. P. Williams, J. Chem. Sot., 1958, 
462. 

2. L. Vaska and T. Yamaji, J. Am. Chem. Sot., 1971,93, 
6673. 

3. I. W. Pang and D. V. Stynes, Inorg. Chem., 1977, 16, 
590. 

4. F. J. C. Rossotti and H. S. Rossotti, The Determination 
of Stability Constants. McGraw-Hill. New York. 1961. 

5. G. T. B&k, Chemistry of Corn&x Equilibria, Van 
Nostrand-Reinhold, London, 1970. 

6. W. A. E. McBryde, Talanta, 1974, 31, 979. 
7. R. E. Dickerson and R. Timkovich, The Enzymes, P. 

Boyer (ed.), Vol. XI, Chap. 7, p. 397. Academic Press, 
New York, 1975. 

8. K. B. Yatsimirskii, Zh. Neorgun. Khim., 1956, 1, 2306. 



Talanta, Vol. 31, No. 3, pp. 227-228, 1984 0039-9140/84 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1984 Pergamon Press Ltd 

ANALYTICAL DATA 

EFFECT OF pH ON CHROMIUM(V1) SPECIES 
IN SOLUTION 

R. K. TANDON,* P. T. CRISP and J. ELLIS 

Department of Chemistry, University of Wollongong, Wollongong, N.S.W. 2500, Australia 

R. S. BAKER 

Cell Biology Laboratory, Commonwealth Institute of Health, University of Sydney, 
N.S.W. 2006, Australia 

(Received I4 October 1983. Accepted 28 October 1983) 

Summary-Published values of equilibrium constants were used to calculate the percentage of each 
chromium(V1) species (CrO-, Cr,OG-, HCrO; and H,CrO,) present in aqueous solution at total 
chromium(V1) concentrations of 10-2-10-6M in the pH range l-8. 

The analytical chemistry of chromium(V1) has been 
described extensively in the literature’” but no tabu- 
lation of the abundance of chromium(V1) species at 
different pH values and metal concentrations has 
been published apart from a brief account of the 
HCrO;/CrO:- equilibrium. Such data are essential 
for studies of environmental chromium speciation. 
Chromium(V1) may be present in aqueous solution as 
chromate (CrO:-), dichromate (Cr&), hydrogen 
chromate (HCrO;), dihydrogen chromate (chromic 
acid, H&rO,), hydrogen dichromate (HCr,O;), tri- 
chromate (Cr,O&) and tetrachromate (Cr,O&). The 
last three ions have been detected only in solutions of 
pH < 0 or at chromium(V1) concentrations greater 
than 1M.” Polyanions containing > 4 chromium 
atoms are not known, and probably do not exist, on 
account of chromium-oxygen multiple bonding.4 
Three pH regions may be distinguished for chro- 
mium(V1) species: (i) pH 5 0, where H,CrO, is a 
significant species, (ii) pH = 2-6, where HCrO; and 
Cr,O:- occur together, and (iii) pH > 6, where 
CrO:- predominates. 

The published values of the chromium(W) equi- 
librium constants used in the calculations in this 
paper are given in Table 1. Contributions from 

*Author for correspondence. 

HCr,O;, Cr,O:; and Cr,O$ are negligible at pH 
> 1 and at chromium(V1) concentrations 5 lo-*M. 
The concentration of H2Cr04 (x) in a solution of pH 
p and total chromium(V1) concentration C was ob- 
tained by solving the quadratic equation 

kx kkx kk*x* x+L++++_ c=o 
P P 

The concentrations of the other chromium(V1) 
species were obtained from 

[HCrO;] = k,x/p 
[CrO:-] = k,k,x/p* 

[Cr,O:-] = k,k,‘x*/p* 

The equations were solved on a Univac 1100 com- 
puter by using a Fortran program (available on 
request from the authors). 

RESULTS AND DISCUSSION 

Results obtained by using k, = 98 are given in 
Table 2. This value of k3 was determined at an ionic 
strength @) of unity.’ If a value of k, = 35.5 (p = 0) 
is used, the dichromate concentrations are approxi- 
mately half those given in Table 2 and the concen- 
trations of the other species are correspondingly 
greater. The results in Table 2 are consistent with 

Table 1. Published values of equilibrium constants 

Equilibrium 

Ionic Equilibrium 
strength, constant 

M (at 25°C) Reference 

TM 3113-E 

H2Cr04~H+ + HCrO; -0.16 k, = 0.18 4-6 
HCrO;+H + + GO:- 0.33463 k, = 3.2 x lo-’ 6 
2HCrO;+Cr,O:- + H,O < 0.022 k, = 33.3 8 

I k, = 98 I 
0 k, = 35.5 I 
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Table 2. Calculated abundances of chromium(V1) 
species in aqueous solution at pH l-8 and total 
chromium(V1) concentrations (C) in the range 

10-*-10-6M. 

Abundance, % 

PH C,M CrG- Cr,O:- HCrO; H,CrO, 

1 10-2 0.0 23.6 
10-r 0.0 3.7 
lo-4 0.0 0.4 
10-S 0.0 0.0 
lo-6 0.0 0.0 

2 10-r 
IO-’ 
IO-4 
10-s 
IO-6 

3 10-r 
lo-’ 
lO-4 
IO-5 
10-e 

4 10-Z 
IO-’ 
lo-4 
10-5 
10-6 

5 lo-2 
10-r 
10-b 
lO-5 
IO-6 

6 10-z 
IO-’ 
IO-4 
10-5 
10-e 

I 10-r 
lo-’ 
10-d 
10-5 
IO-6 

8 10-r 
10-3 
10-d 
IO-5 

0.0 36.0 60.6 3.4 
0.0 7.5 87.6 4.8 
0.0 1.0 94.0 5.0 
0.0 0.0 95.0 5.0 
0.0 0.0 95.0 5.0 

0.0 37.1 62.0 0.3 
0.0 8.2 91.3 0.5 
0.0 1.0 98.5 0.5 
0.0 0.1 99.3 0.6 
0.0 0.0 99.4 0.6 

0.2 37.7 62.1 
0.3 8.2 91.5 
0.3 1.0 98.7 
0.3 0.4 99.3 
0.3 0.1 99.6 

2.0 36.7 61.3 
2.9 7.8 89.3 
3.0 1.0 96.0 
3.1 0.1 96.8 
3.1 0.0 96.9 

17.3 28.6 54.1 
23.0 5.0 72.0 
24.0 0.7 75.3 
24.2 0.1 75.7 
24.2 0.0 75.8 

72.4 5.0 22.6 
75.8 0.6 23.6 
76.2 0.0 23.8 
16.2 0.0 23.8 
76.2 0.0 23.8 

96.9 0.1 
97.0 0.0 
97.0 0.0 
97.0 0.0 

10-b 97.0 0.0 

49.1 
61.9 

:I 
64.3 

3.0 
3.0 
3.0 
3.0 
3.0 

21.3 
34.4 
35.6 
35.7 
35.7 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

qualitative and quantitative descriptions of the chro- 
mium(V1) system by other authors’4*9 and indicate 
that at neutral pH the principal species in solution are 
CrOi- (80%) and HCrO; (20%). 
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R&sum&On propose un schkma de dkgradation de la tktryzoline [(tktrahydro-1,2,3,4 naphtyl-l)- 
2A,-imidazoline] aprbs avoir soumis cette moltcule d des r&actions d’hydrolyse en milieu alcalin et acide. 
Les composks intermkdiaires ont 63 isolts, purifiks et identifib par les techniques modemes d’analyse. 
L’utilisation de la spectromktrie de masse a permis d’ktablir leur structure. Aprts ouverture du cycle 
imidazoline en milieu alcalin, l’hydrolyse acide conduit $ la perte de la chaine 1atCrale prtidemment 
obtenue et $ l’obtention d’acide &tragydro-1,2,3,4 naphtoique-1 et d’bthyl&diamine. 

La tktryzoline, [(titrahydro-1,2,3,4 naphtyl-l)- 
2A,-imidazoline], est une molkule g propriktks vaso- 
constrictrices entrant dans la composition de plus- 
ieurs spkialitks pharmaceutiques et dont le schkma 
de degradation n’a pas ttC? d&it $ ce jour. Ce- 
pendant, d’autres imidazolines ont fait l’objet 
d’ttudes de stabilitk: naphazo1ine,‘-3 indanazoline, 
tolazoline.5 Dans tous les cas, la premikre ttape de 
d&gradation conduit g une amide substituke, qui est 
ulttrieurement hydrolyske en acide aromatique et en 
ithylknediamine. La tktryzoline n’itant pas fon- 
damentalement diffkrente de ces imidazolines par sa 
structure chimique (Fig. l), son schtma de dt- 
gradation doit Ctre voisin. Nous nous proposons de 
le vkifier en isolant les produits intermkdiaires et en 
diterminant leur structure par les techniques spec- 
troscopiques habituelles. 

R R R 

I I I 
CH2 NH 

I 

c”2 

naphazoline 

R 

indanazoline tolazoline 

R-N, NH 

Y 
t6tryzoline 

I 

Fig. 1. Structure chimique des imidazolines. 

PARTIE EXPERIMENTALE 

M&ho&s 

Chromatographie en couche mince. Elle est r&alis&e sur des 
plaques de silice type 60 F 254 (Merck). Le solvant est un 
mClange ammoniaque 25%-eau-&thanol (5: 15:80 v/v). La 
r&lation est effect&e soit par le rayonnement ultra-violet 
B 254 nm, soit par pulv&isation d’une solution de nin- 
hydrine I 1% dans de l’bthanol. 

Chromatogruphie en phase guzeuse. L’appareil utilise est 
de marque Girdel s&e 30. La colonne de verre est remplie 
de phase OV, 3% sur Chromosorb Q (lWl20 mesh). Le 
ddtecteur est g ionisation de flamme. Les conditions de 
tempkrature sont fix&es g 180” pour le four, 240” pour 
l’injecteur et le ditecteur. Le d&bit d’azote est de 25 ml/min. 

Spectroscopic infra-rouge. L.es spectres sont realis& avec 
un appareil Beckman type Acculab IV. Les composbs sont 
analyst% B la concentration de 1% sous forme de pastilles de 
bromure de potassium. 

SpectromtQrie de masse. Les spectres de masse sont ob- 
tenus par introduction directe sur un appareil LKB 2091 
avec les conditions opCratoires suivantes: energie 
d’ionisation par impact Blectronique 70 eV; potentiel 
d’acc&l:ltration 3,5 kV; tempbature de la source 280”; cou- 
rant “trap” 50 PA. 

Obtention du produit d’hydrolyse alcaline de la tttryzoh’ne. 
Le chlorhydrate de tetryzoline (1,18 g, 5 mmole) est chauffk 
$ reflux et B l’6bullition sous agitation magnetique pendant 
1 hr en pr&ence de 50 ml de soude 1N. Apr&s re- 
froidissement, le produit est extrait successivement par deux 
fois 20 ml de chloroforme. Les phases organiques sont 
s&h&es par du sulfate de sodium anhydre, filtrtes et kvapo- 
r&es sous pression r.+duite. Le produit (P,) est blanc, vis- 
queux et cristallise progressivement (Tf = 81-82”). 

Obtention du produit d’hydrolyse acide du composP P,. 
Compose P, (0,5 g) est chauffk B reflux en prksence de 25 ml 
d’acide chlorhydrique 2M pendant 20 hr. Apr& re- 
froidissement et alcalinisation par de la lessive de soude, le 
milieu est extrait par deux fois 20 ml de chloroforme afin 
d’kliminer les compo&s neutres et basiques hentuellement 
pr&ents. Apr&s acidification de la phase aqueuse par l’acide 
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R-;--NH-CH,-CH,--NH:t m/z =218 

7 \ 
m/z = 176 R--C--N&+ R-,-wCH;? m/z = 189 

:: 0 

1 + 
H” 

R-C< m/z = 160 
0 

Fig. 2. Schema de fragmentation du compose P,. 

chlorhydrique concentre, les composes sont extraits par 
deux fois 20 ml de chloroforme. Les phases organiques sont 
reunies, stchees par du sulfate de sodium anhydre, filtrtes 
et Bvaporbes sous pression reduite. Le residu cristallise sous 
forme de cristaux blancs (Pr) de point de fusion voisin de 
79-81”. 

RESULTATS ET DISCUSSION 

Analyses chromatographiques 

Le composk P, prksente les caracteristiques d’un 
produit pur aussi bien en chromatographie en couche 
mince (R, = 0,61) qu’en chromatographie en phase 

gazeuse (tr = 3 min). Dans chacune de ces analyses, 
on ne retrouve pas la tetryzoline (Rr = 0,33 et t, = 2 
min). De plus, le compose P, est revelable par la 
ninhydrine, ce qui indique la presence d’un group- 
ement amine primaire. 

Le compose P, est obtenu a partir de P, par 
hydrolyse acide. Le temps de reaction a et& determine 
en suivant la disparition de P, par chromatographie 
en phase gazeuse. En chromatographie en couche 
mince, le compose PZ presente un R, de 0,71. 11 est 
revele uniquement par le rayonnement ultra-violet. 

tCtryzoline 

O=C-NH- CH2- CH,- NH2 

N(amino-2 ithyl) titrahydro-1,2,3,4 

+,O naphtamide-1 

COOH 

H2N-CH2-CH2-NH2 

acide tetrahydro-1,2,3,4 

naphtoyque-1 

6thylCnediamine 

Fig. 3. Schema de degradation de la tetryzoline. 
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Analyses par spectromktrie infiia-rouge 

Le spectre infra-rouge du compose Pi presente les 
bandes caracteristiques dun groupement amide: 
bande CO a 1640 cn- ’ et bandes NH a 3280 cm-’ 
et 1540 cm-‘. Par contre, le spectre du compose PZ 
presente uniquement les bandes caracteristiques 
dun groupement carboxyle a 1680 cm-’ et 
2930-3100 cm-‘. 

Analyses par spectromktrie de masse 

L’emploi dun spectrometre de masse a secteur 
magnttique met en evidence un certain nombre d’ions 
dits “metastables”. Ce type d’ions permet de suivre 
directement l’ordre de certaines fragmentations grace 
a la relation m* = m$/m, dans laquelle m* est la 
position en u.m.a. de l’ion metastable, m, celle de 
l’ion ptre et m2 celle de l’ion fils. L’ttude analytique 
de Porter et Baldas sur les imidazolines nous donne 
Cgalement de precieuses indications6 

Spectre de masse de la tetryzoline. 11 presente un pit 
moleculaire qui est aussi pit de base a m/z = 200. 
Lion a m/z = 185 resulte tres certainement de la 
perte d’un groupement (CH1 + H)* d’un noyau im- 
idazoline tandis que l’ion I m/z = 171 provient de 
l’ion moliculaire par perte du fragment CH2 = NH 
(ion metastable a m/z = 147). Lion a m/z = 131 
rtsulte de la perte du cycle imidazoline et le pit a 
m/z = 91 (ion tropylium) est le resultat de la rupture 
du cycle tetrahydronaphtaknique. 

Spectre de masse du compose P,. 11 presente un pit 
moltculaire a m/z = 218. Le fragment a m/z = 189 
provient de l’ion moleculaire par perte dun fragment 
CH2 = NH (ion mttastable a m/z = 164). De m&me le 
pit a m/z = 176 a pour pricurseur le pit B m/z = 218 
par perte dun fragment de masse 42 (ion metastable 
a m/z = 141). Le pit a m/z = 189 est lui-mtme pre- 
curseur de l’ion a m/z = 160 (ion mttastable a 
m/z = 135,5). Le pit de base a m/z = 131 correspond 
a la perte de la totalite de la chaine laterale. Ces 
observations permettent de considerer le compost: P, 
comme resultant de l’addition dune molecule d’eau 
apres ouverture du cycle imidazoline pour donner 
l’amide correspondante. Le schema de fragmentation 
propose est represent& a Fig. 2. 

Spectre a’e masse du compose PI. Le pit mokulaire 
est situ6 g m/z = 176 et correspond a l’acide 
tetrahydro-1,2,3,4 naphto’ique-1. Le pit de base a 
m/z = 131 resulte de la perte du groupement carbox- 
ylique pour obtenir comme preckdemment le noyau 
tetrahydronaphtalenique. 

Proposition d’un schema a’e degradation 

Considirant les rbultats des analyses spectrales 
pratiqutes, les composes P, et P2 peuvent btre 
denommbs respectivement la N (amino-2 ethyl) 
tetrahydro-1,2,3,4 naphtamide-1 et l’acide tetra- 
hydro-1,2,3,4 naphtdique-1. Le schema de de- 
gradation logique propose est reprbsente a Fig. 3. 

CONCLUSION 

Plusieurs imidazolines ont fait l’objet d’etudes con- 
cemant leur mode de dCgradation.‘-5 Cependant, la 
structure des composts n’avait pas ttC clairement 
ttablie et il s’agissait surtout de suivre la teneur en 
imidazoline soit par colorimCtrie,3 soit par chro- 
matographie liquide haute pression. Seul, Schwartz 
et al.’ ont sipare les produits acides et basiques 
resultant de l’hydrolyse. 11s ont determine leur 
composition centesimale et ont ttudit leur spectre 
d’absorption dans l’ultra-violet. 

L’etude que nous avons men&e sur la tetryzoline 
apporte les elements d’analyse structurale necessaires 

a caracteriser sans ambiguite les produits form&. Elle 
montre tgalement que l’originaliti structurale de la 
tetryzoline-absence de pont entre les noyaux tttra- 
hydronaphtalenique et imidazoline-ne conduit pas A 
un schema particulier de degradation. 

I. 

2. 

3. 

4. 

5. 
6. 
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Summary-The products of hydrolysis of tetrahydrozoline [2-(1,2,3,4-tetrahydro-1-naphthyl)-2- 
imidazoline] have been isolated by thin-layer chromatography and identified by ultraviolet and infrared 
spectroscopic analysis. Their structure has been well established by use of mass spectrometry and a 
degradation scheme advanced. Alkaline hydrolysis opens the imidazoline ring to give an amide compound 
which undergoes further hydrolysis, in acid solution, to 1,2,3,4-tetrahydronaphthoic acid and ethyl- 
enediamine. 
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LETTER TO THE EDITOR 

THE SPECTROPHOTOMETRIC EVALUATION OF ACIDITY CONSTANTS: 

THE DOUBLE INCOMPLETE COLOUR CHANGE 

SIR, 

On the basis of the indirect calorimetric methods described by Sacconi, 
1 

In*an2 formulated various equations applicable in cases in which the molar 

absorptivity of one or both of the limiting forms of an acceptor -donor 

system, e.g., Em and ER of an acid - base conjugate pair HR/R, is unknown. 

There is a point in this naper which deserves attention. 

Linear equations in four terms and three unknowns 
3 

can be used to 

evaluate the p&, of a m<,noprotic acid: 

[HIi A-i cH3i 'HR 

K -K 

e = . 
R % 

-a -a 

in which Ai is the absorbance of a solution containing a mixture of HR and R, 

and charges are omitted for simplicity. The results for any three solutions 

give, after an appropriate arrangement: 

$= 
[HI3 (A3 - $) ([HI, - [H12) + [HI, (A_, - A_*) ([HI2 - [Hlg) 

($ - !$) ([HA, - tH],) + (a, - &,) (LH], - [HI,) 

By dividing 

writing, as 

[HI&HI2 = 

numerator and denominator of this equation by [H], (A, - A2) and 

in Ingman's paper, (A3 - $)/(A_, - A,) = x", [H],/[H]~ = 9I 2nd. 

%I' 
we get: 

K = 
91,:’ ’ hI - 1) + 9, (1 - 9,I) 

-a rlI 1 ( - 31) + (911 - 1) [HI2 

which is equivalent to the expression established by Ingman 

that Sacconi called the double incomplete colour ch,?nge. 
1 

equivalent to (1) was deduced by Romain and Colleter. 
4 

It 

(1) 

for the case 

An expression 

means that the 

only restriction to be imposed on the absorbance and pH values selected for 

the evaluation of DK _a is that they differ enough to be accurately 

distinguishable. Likewise, for (& and &R we obtain: 

E, = A-3 (S_II - 1) + A_, ,” (1 - c+) 
rl1 - (1 - 9,) + (31, - 1) 

(2) 

(3) 

233 
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Equations (2) -(3) have not been reported so far by other workers. A pro- 

gram (input data PH,, A,, pH2 $, pH3, A3; output data, ICat DE,, Em, eR; 

6 labels, 193 steps) for use with a Texas Tl 'j8/59 pocket calculator and 

based on equations (1) -(3) h as been devised and is available upon request to 

the authors. 
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SOLVENT EXTRACTION-SPECTR~~HOTOMETRIC 
DETERMINATION OF PHOSPHATE WITH 

MOLYBDATE AND MALACHITE GREEN IN 
RIVER WATER AND SEA-WATER 

SHOJI ~OTOMIZ~, T~SH~AKI WAHOO and KY~JI T&I 

Department of Chemistry, Faculty of Science, Okayama University, Tsushimanaka, Okayama-shi, Japan 

(Received 23 June 1983. Revised 19 September 1983. Accepted 22 November 1983) 

So-Mol~~ophosphate, formed between o~hophosphate and molybclate in sulphuric acid 
solution, is extracted into a mixture of toluene and ~methyl~ntan-2-one (1: 3 v/v) with Malachite Green 
as counter-ion. A single extraction with equai phase volumes gives an apparent molar absorptivity for 
phosphate of 2.3 x 10’ l.mole-‘.cn-’ at 630 nm; the absorbance of the reagent blank is 0.03. With an 
organic to aqueous phase-volume ratio of 1: 10, the molar absorptivity is 2.5 x lo5 I.mole-‘.cm-’ and 
the absorbance of the reagent blank 0.08. By the proposed method, ng/ml levels of phosphorus can be 
determined, and the detection limit is about 0.1 ng/ml. The standard deviation and relative standard 
deviation for the determination of phosphorus in tap water (4.3 n&nl) are 0.05 ng/ml and 1.1x, 
respectively. The method can also be applied to the dete~ination of phosphor in river water and 
sea-water. 

Most spectrophotometric methods for phosphate 
are based on the formation of a heteropoly acid with 
molybdate. The heteropoly acid formed can be ex- 
tracted into an organic phase, as an ion-pair with a 
bulky cation such as a quaternary ammonium ion or 
cationic dye. Several studies on the solvent extraction 
of molybdophosphate with cationic dyes have al- 
ready been reported.‘” The main advantage of cat- 
ionic dyes over that of quaternary ammonium salts is 
their greater ~ght-absorbing ability. We have already 
used Ethyl Violet as counter-ion for molyb- 
dophosphate. The spectrophotometric determin- 
ation of phosphate by solvent extraction of molybdo- 
phosphate with Ethyl Violet is more sensitive than 
those previously reported-’ and less troublesome: a 
single extraction is adequate. However, in the deter- 
mination of phosphorus at ng/ml levels in waters 
it has certain disadvantages. First, the absorbance 
of the reagent blank becomes too large for the 
concentration effect achieved by the solvent extrac- 
tion to be of much use: for example, when 20 ml of 
sample solution and 5 ml of organic solvent were 
used, the absorbance of the reagent blank was 0.14. 
Secondly, the shaking time needed was long and the 
colour of the extract faded gradually if the shaking 
lasted more than 30 min. In the course of attempts to 
improve on this method, we noticed that Malachite 
Green gave a stable dark yellow species in 1.5M 
sulphuric acid (probably a protonated one), whereas 
Ethyl Violet became colourless within 30 min even in 
only OSM sulphuric acid. 

Malachite Green has been used as the chromo- 
phore for the determination of phosphate in serum, 
plasma and urine7-‘5 and in water.‘$ Aitman et aLi 

reported the mechanism of the calorimetric reaction 
between molybdophosphate and Malachite Green. 
This dye has also been used in a flotation separation 
of moly~ophosphate. I8 However, it has been seldom 
used as the counter-ion for the extractive spec- 
trophotometry of phosphate, because an ion-pair 
formed between Malachite Green and molybdo- 
phosphate has been considered less extractable than 
that formed by Safranine T or Crystal Violet. 

In this work, we attempt to improve the extract- 
ability of the ion-pair formed between Malachite 
Green and molybdophosphate. Though the molar 
absorptivity obtained is about 10% less than that for 
the Ethyl Violet system, the method has several 
advantages: (1) the absorbance of the reagent blank 
is very small, and 20-fold concentration of phosphate 
by solvent extraction is possible, (2) the reagent 
solution, which consists of Malachite Green, molyb- 
date and 1.5M sulphuric acid is stable at least for a 
month, (3) the method is less troublesome and shak- 
ing for 5 min is enough to complete the extraction, 
and (4) colour fading in the organic phase does not 
occur during shaking and standing. 

Apparatus 
EXPERIMENTAL 

The absorptiometric measurements were made on a Hit- 
achi EPS recording spectrophometer and a Hitachi-Perkin- 
Elmer Model 139 s~rophotometer in glass cells of lO-mm 
path length. An Iwaki Model V-S Type KM shaker was 
used to shake the separatory funnel and the stoppered 
test-tubes. 

Reagents 

Cutionic dyes. Triphenylmetbane dyes Ipararosaniline, 
Crystal Violet, Ethyl Violet, Malachite Green (chloride and 
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oxalate), Brilliant Green, Hoffman’s Violet, New Fuchsin 
and Methyl Violet] and Methylene Blue were examined. 
These dyes were commercially available and used (without 
further purification) as solutions in distilled water. 

Standardphosphate solution. Potassium dihydrogen phos- 
phate was dried at reduced pressure (about 5 mmHg) and 
60” to constant weight; 0.2722 g of the dried compound was 
dissolved in distilled water and diluted to give 1 htre of 
2 x lo-‘M solution. For calibration purposes, this solution 
was accurately diluted with distilled water before use. 

Extracting solvent. Ketones, alcohols, esters, benzene and 
toluene were examined. 

Reagent solution. Dissolve 86 g of ammonium hepta- 
molvbdate tetrahvdrate in about 900 ml of distilled water. 
add86 ml of concentrated sulphuric acid, dissolve 0.23 g of 
Malachite Green (oxalate) and 20 g of tartaric acid in the 
mixture, and dilute to 1 litre with distilled water. About 1 
hr after mixing, filter the solution through a 0.45~pm 
membrane filter. 

All reagents used were of analytical-reagent grade. 

Procedure 
Transfer 10 ml of the sample solution, containing up to 

0.7 hg of phosphorus as orthophosphate, into a 25-ml 
test-tube. Add 1 ml each of 4SM sulphuric acid and the 
reagent solution and mix. Shake the solution with 5 ml of 
a 1: 3 v/v mixture of toluene and 4-methylpentan-2-one 
(MIBK) for 5 min. After phase separation, measure the 
absorbance of the organic phase at 630 nm against a reagent 
blank. in l-cm cells. 

RESULTS AND DISCUSSION 

Selection of the cationic dye and extracting solvent 

The colour changes and ionization of tri- 
phenylmethane dyes are very complex. Adams and 
Rosenstein” studied the behaviour of Crystal Violet 
at various pH values. The mechanism of colour 
change was explained by considering three kinds of 
coloured quinonoid ions, four kinds of colourless 
benzenoid ions and colourless carbinol and its pro- 
tonated ions. Goldacre and Phillips,*’ and Cigen,” 
have also studied the ionization behaviour of Crystal 
Violet. They found that in acidic medium it is easily 
transformed into a protonated but colourless car- 
binol. Ethyl Violet may behave similarly to Crystal 
Violet and transform into its carbinol. 

We have examined the colour fading of cationic 
dyes in acidic medium. Of the nine dyes listed under 
Reagents, above, Malachite Green, pararosanihne, 
New Fuchsin, Hoffman’s Violet and Methylene Blue 
were dark yellow, pale yellow, red, violet and blue in 
0.5M sulphuric acid, respectively, and the others were 
colourless within about 60 min from preparation of 
the solution. When Hoffman’s Violet, Methyl Violet 
and Methylene Blue were used as the counter-ion for 
molybdophosphate, a coloured precipitate occurred 
at the interface and the ion-pair was scarcely extrac- 
ted at all into a 1:3 v/v mixture of toluene and 
4-methylpentan-2-one. Pararosaniline and New 
Fuchsin also failed as reagents for extraction of the 
molybdophosphate. The oxalate of Malachite Green 
was preferable to the chloride, because it gave a more 
stable aqueous solution and was purer than the 

chloride. Recrystallization did not significantly im- 
prove the purity (N 90%). 

Table 1 shows the results for the efficiency of the 
extracting solvent, with Malachite Green as the 
counter-ion. A 1:2 v/v mixture of benzene and 
4-methylpentan-2-one is best in terms of molar ab- 
sorptivity and reagent blank absorbance. However, 
we prefer a 1: 3 v/v mixture of toluene and the ketone, 
because of the lower toxicity of toluene. 

Eflect of acidity and reagent concentration 

To 10 ml of sample solution containing 0.364 ng 
of phosphorus, sulphuric acid, molybdate and Mal- 
achite Green solutions were added in that order. The 
solution was diluted to 12 ml, and shaken with 5 ml 
of an extracting solvent for 5 min. 

Sulphuric acidconcentration. When the acid concen- 
tration was varied from 0.3 to l.OM, the absorbance 
for phosphorus samples measured against the reagent 
blank was maximal and constant for the acidity range 
0.42-0.67M. The absorbance of the reagent blank 
decreased gradually with increase in sulphuric acid 
concentration, but was almost constant in the acid 
range of 0.5-0.83M. A sulphuric acid concentration 
of about 0.5M was therefore selected as optimal. 

Malachite Green concentration. The dye concen- 
tration was varied from 2 x 10-j to 2 x 10m4M. The 
absorbance for phosphorus (measured against the 
reagent blank) was maximal and constant with a 
dyestuff concentration between 2.5 x lo-’ and 
8.5 x 10-5M. The absorbance of the reagent blank 
increased gradually as the dye concentration was 
increased. A dye concentration of 4 x lo-‘M was 
therefore chosen. 

Molybdate concentration. When the molybdate 
concentration was varied from 1 x 10-2 to 
7.5 x IO-*M, the absorbance for phosphorus, 
measured against the reagent blank was maximal and 
constant for [molybdate] = 1.54.5 x lo-*M. The 
absorbance of the reagent blank increased gradually 
as the molybdate concentration was increased. A 
molybdate concentration of 4 x lO-‘M was chosen. 

Contamination from reagents. When sulphuric acid, 
molybdate and Malachite Green solutions were ad- 
ded in that order to the sample solution, the reagent 
blank was larger than that obtained by adding the 
mixed reagent solution, and differed according to the 
source of the ammonium molybdate. Table 2 shows 
the absorbances obtained by varying the concen- 
tration of molybdate. The small absorbance of about 
0.02 obtained without the addition of molybdate may 
be attributed to some degradation products of 
Malachite Green. The difference between the absor- 
bances of solutions with and without molybdate 
is probably due to phosphate contained in the 
molybdate. From the slope of plots of absorbance vs. 
molybdate concentration, the phosphate content of 
the ammonium molybdate was calculated and found 
to range from 6 x 10m5 to 8 x 10m5%. On the other 
hand, the absorbances obtained by using the mixed 
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Table 1. Comparison of solvents for extraction of the Malachite Green 
molybdophosphate ion-pair* 

Extracting solvent 

Benzene + MIBK 
1+1 
1+2 
lC3 
1+4 

Toluene + MIBK 
1+2 
1+3 
1+4 

Cyclohexane + MIBK 
1+3 
1+4 
1+5 

Isobutyl acetate + MIBK 
1+1 
1+2 
1+3 

MIBK(4-methylpentan-2-one) 
Dipropyl ketone 
Di-isobutyl ketone 
Cyclohexane ] 

Absorbance of Molar absorptivity, 
reagent blank IO4 l.mole-‘.cm-’ 

0.046 
0.077 
0.089 

flotationt 
26 
23 
20 

0.048 20 
0.058 23 
0.084 23 

0.050 16 
0.064 21 
0.073 21 

0.032 
0.070 
0.091 
0.116 
0.122 

Isoamyl alcohol 
Ethyl acetate very large 

Isobutyl acetate J 

12 
15 
15 
10 
14 

flotationt 

*Malachite Green oxalate; wavelength 630 nm; phosphorus f&O.8 pg in 
10 ml of sample; extracting solvent volume 5 ml. 

tHardly extracted, but floated at interface. 

Table 2. Comparison of ammonium molybdate from different suppliers 
64-E) 

Ammonium Absorbance* 
molybdate, 

mg A B C D E 

0 0.021 0.018 0.020 0.019 0.022 
35.4 (0.02M) 0.054 0.059 0.066 0.057 0.055 
53.1 (0.03M) 0.071 0.077 0.081 0.076 0.069 
70.8 (O&W) 0.083 0.089 0.103 0.088 0.086 

70.8t 0.043 0.044 0.045 0.049 0.046 
Phosphorus content,5 

10-6X 6.0 6.9 8.0 6.1 6.2 

*Aqueous phase 10 ml (0.5M sulphuric acid); organic phase 5 ml; 
measured against solvent, at 630 nm. 

TMolybdate and Malachite Green were dissolved in dilute sulphuric acid 
and the solution was filtered through a 0.45~pm membrane before use. 

§As phosphate in ammonium molybdate. 

Sample solution 
taken, ml 

5 
10 
25 
50 

loot 

Table 3. Effect of volume of sample solution 

Absorbance units 
Sulphuric acid Reagent solution Absorbance of for 1-ng/ml Molar absorptivity,* 

added, ml added, ml reagent blank phosphorus 10sI.mole-‘.cm-’ 

0.5 0.5 0.034 0.007 2.30 
1.0 1.0 0.044 0.015 2.26 
2.5 2.5 0.062 0.038 2.31 
5.0 5.0 0.078 0.080 2.48 

10.0 10.0 0.122 0.124 2.69 

Extracting solvent 5 ml of a 1:3 mixture of toluene and 4-methylpentan-2-one. 
Phosphorus NJ.8 pg. 
*Organic phase volume was assumed to be 5 ml. 
t7 ml of extracting solvent were used. 
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Table 4. Effect of other ions 

Ion Added as 
Concentration, 

M Absorbance* 

None 0.549 
Na+, Cl- NaCl 0.3 0.545 
K+ KC1 1 X IO-2 0.548 
so:- Na,SO, 1 x 10-r 0.552 
Ca2+ CaCl, 1 x 10-z 0.551 
Mg2+ MgCl, 1 x 10-2 0.548 

$? NaHCO, KWW2 1 1 x x 10-J 10-Z 0.556 0.550 
Fe-‘+ FeNH,(SOJ2 1 x 10-x 0.551 
NH: NH&l 1 x 10-3 0.557 
NO; NaNO, 1 X 10-r 0.548 
Cr3+ CrCI, 1 x IO-3 0.549 
Mn2+ MnCl, 1 x 10-j 0.549 
car+ CoCl, 1 x 10-r 0.549 
Cd2+ CdCI, 1 x 10-r 0.552 
Ni2+ NiCl, 1 x 10-r 0.549 
Cur+ CuCl, 1 x 10-x 0.553 
Zn2+ ZnCl, 1 x 10-l 0.546 
Br- NaBr 1 x 10-r 0.546 

vo’ ;$I) 

Na2B@, 1 x 10-r 0.552 

Na,SiO, NH,VO, 5 1 x x IO-4t 10-S 0.553 0.556 
wo;- (NH.,),oW,,Q, 1 x 10-j 0.554 
I- NaI 1 x 10-S 0.550 
Laurylsulphate Na salt 5 x lo-et 0.549 
Laurylbenzenesulphonate Na salt 5 x lo-6t 0.547 
ClO,- NaClO, 1 x lo-et 0.557 
Ti4+ TiCl, 1 x 10-b 0.551 

*Sample solution 10 ml; organic phase 5 ml; phosphorus 0.366 pg; measured against 
reagent blank. 

TTolerance limit. 

reagent solution were almost all the same. This is On the basis of these results, the mixed reagent 
because the ion-pair formed between molybdo- solution was used throughout further work. 
phosphate and Malachite Green is only slightly Shaking and standing time. Figure 1 shows that 3 
soluble in water and filtration of the reagent solution min of shaking is adequate. Compared with the Ethyl 
1 hr after its preparation removes about two-thirds of Violet method the proposed method has the advan- 
the molybdophosphate. tages that (1) the shaking time is shorter, (2) there is 

Table 5. Conversion of uhosphorus in nhosnhorus-containing compounds into orthophosphate 

Absorbance 

Compounds, 
agIl ml Methods* 0 

Heating time (min) at 95” 
15 30 60 90 120 

Na,HPO,, 1.8 1 I 0.017 
II 0.003 

NaPH,O,, 1.56 I 0.020 
II 0.006 

(CrH,O),POH, 2.02 I 0.012 
II 0.009 

(C,H,O),P, 4.62 I 0.027 
II 0.015 

C,,,H,,N,O,P.H,O,t 5.51 I 0.022 
II 0.014 

C6H4NNa20$.6H,0,$ 5.64 I 0.044 0.078 
II 0.031 0.585 0.623 0.692 0.713 0.718 

0.026 0.030 
0.540 0.557 0.605 0.643 0.643 

0.047 
0.581 0.606 0.652 0.660 0.666 

0.039 
0.529 0.618 0.631 0.650 0.653 

0.050 
0.501 0.550 0.611 0.655 0.661 

0.057 
0.531 0.610 0.616 0.657 0.659 

The sample solution (10 ml), in a 25-ml stoppered test-tube, was heated in a water-bath. 
*I: 1 ml of 4.5M sulphuric acid was added to the sample solution; II: 1 ml of 4.5M sulphuric acid and 0.1 

ml of 40% ammonium peroxodisulphate solution were added. 
t5-Adenylic acid. 
§Disodium p-nitrophenylphosphate. 



Determination of phosphate 239 

07 

0 6 
1 

p-.-z.-=e=-2 ..-.-.-. -.-.-3 
05 

w II I 

. 

Y 

Is 

04 

zi 
VI 03 

$ 
I 

02 

01 
I%_:.; o m’ 

00’ I I I 1 I I 

IO 20 30 40 50 60 

SHAKING TIME ( mm 1 

Fig. 1. Effect of shaking time: (curve 1) reagent blank 
(reference, extracting solvent); (curve 2) phosphorus, 0.364 
pg (reference, extracting solvent); (curve 3) phosphorus 
0.364 pg (reference, reagent blank); aqueous phase, 12 ml; 

organic phase, 5 ml. 

no colour fading during 60 min of shaking and (3) the 
absorbance of the reagent blank is constant during 30 
min of shaking. Complete phase separation after the 
shaking takes about 1 min, and the absorbance of the 
organic phase remains constant for at least one day. 

Absorption spectra and calibration graph 

The absorption spectra of the ion-pair and the 
reagent blank are shown in Fig. 2. Linear calibration 
graphs are obtained even when the aqueous phase 
volume is increased to 100 ml (and 7 ml of extracting 
solvent are used). The results obtained by varying the 
volume of sample solution are shown in Table 3, 

06 r 

1 

1 
540 560 560 600 620 640 660 

WAVELENGTH 1 nm) 

Fig. 2. Absorption spectra in the organic phase: (curve 1) 
reagent blank (reference, extracting solvent); (curve 2) phos- 
phorus, 0.428 pg (reference, extracting solvent); aqueous 

phase, 12 ml; organic phase, 5 ml. 

which shows that when 50 ml of sample solution are 
used, 0.1 ng/ml of phosphorus can be detected. 

Effect of other ions 

This was examined by using 10 ml of sample 
solution and the results are shown in Table 4. Most 
cations and anions commonly found in natural 
waters do not interfere, but arsenic(V) causes large 
positive errors: arsenic(V) at a concentration of 
10 ng/ml produces an absorbance of 0.070 but can be 
masked with tartaric acid (added in the reagent 

Table 6. Determination of nhosnhorus in river and sea-water, and recovery test 

Sample 

Recovery test 
Phosphorus 

found,* Sample taken, P in sample, P added, P found, Recovery, 
n8lml ml W W ag % 

Asahi River A 6.0 
B 17.9 

Yoshii River A 17.5 
: 27.0 16.4 

D 39.4 
Seashore of Seto Inland Sea 
Kojima 46.0 
Shibukawa 17.4 
Tamano 15.3 
Ushimado 12.8 
Nishiwaki 20.9 

48 248 299 101 
143 248 387 99 
140 248 392 101 
131 248 390 103 
216 248 459 99 
197 248 446 100 

230 248 477 100 
139 248 391 101 
122 248 381 103 
102 248 351 100 
167 248 419 101 

The samples were adjusted to about pH 3 with dilute sulphuric acid after sampling, and filtered through a membrane filter 
(0.45 pm). An appropriate amount of sample was transferred to a 25-ml test-tube, 1 ml of 4.5M sulphuric acid was 
added, and the mixture was heated at 95” for 30 min. The sea-water samples were diluted to 25 ml with distilled water. 
A lO-ml sample was used, except for Yoshii River sample D and the Kojima sea-water for which 5-ml samples were 
used. In the recovery tests, the river water was diluted to 10 ml with distilled water after the addition of 248 ng of 
phosphorus (as phosphate), and the sea-water was diluted to 25 ml with distilled water after the addition of phosphorus. 

*The values are the means of 3 determinations. 
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solution). When arsenic(V) was present at concen- shows the results for determination of phosphorus in 
trations of 50 ng/ml, it was masked with 0.1 ml of waters. Less than 15 ml of sea-water was taken as 
10-4M sodium thiosulphate added after the sulphuric sample, and was diluted to 25 ml with distilled water, 
acid (see Procedure). because of its high chloride content (N 0.5M). 

For a 25-ml sample, almost all the foreign ions 
tested, when present at the concentrations listed in 
Table 4, produced an absorbance of less than 0.005. 

With 50 ml of sample solution, the effect of several 
ions commonly found in fresh water was examined. 
The following ions produced an absorbance of 
less than 0.005: Mg2+ ( 10e2M), Ca2+ ( 10e2M), SOi- 
(lo-‘M), Na+ (10-3M), K+ (10w3M), Fe3+ (10m3M), 
A13+ (10-3M), NH: (10-3M), Cl- (10-3M), HCO; 
(10m3M), SiO:- (5 x 10m4M) and NO; (5 x 10m4M). 
These concentrations refer to the sample itself; the 
effect of the sulphate and ammonium ions present in 
the reagent solution is compensated for by the re- 
agent blank. 

Recovery tests were done by adding known 
amounts of phosphate. The results are also shown in 
Table 6. The recovery of phosphorus was good: 
99-103x. The relative standard deviation for phos- 
phorus was 0.6% for 21 .O ng/ml in sea-water (12 
replicates) and 1.1% for 4.28 ng/ml in tap water (10 
replicates). 
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Summary-The effect of metal ions on the reductive half-reaction of xanthine oxidase (XOD) in the 
catalytic conversion of xanthine into uric acid has been studied s~rophotomet~~lly in Tris-HCl bulk 
at pH 7.4,37 + 0.1” and ionic strength 0.04M. Some metal ions display inhibitor properties, the sequence 
of inhibiting efficiency being Ag(1) > H&II) > Cu(II) > Cr(VI) > V(V) > Au(II1) > Tl(1) and for these the 
I, values were determined. Only Tl(I), V(V) and Cu(I1) showed reversible inhibition and therefore for 
these the mechanisms were assessed [competitive for V(V) and Tl(1); uncompetitive for Cu(II)]. The 
conditional inhibition constants (4) were also determined. The effect of EDTA for protection of the 
enzyme against metal inhibition, and for its reactivation after inhibition, was also investigated. Utilization 
of the linear relations~p between relative enzyme activity and inhibitor con~ntration allowed sensitive 
and selective (though not specific) determination of Ag(1) and Hg(II) (10-Q-10-8M), and of Cu(II) and 
Cr(V1) (IO-‘-W6M), the maximum relative error being & 4%. For a few metal ions, e.g., Ag(1) and 
Cr(VI), in the presence of EDTA, a certain specificity is observed. 

The study of the effect of traces of metal ions on 
enzymatic activity has attracted considerable interest 
in recent years, particularly in the use of enzymes for 
the analysis of substrates and inhibitors,id and in 
the modification of biological systems.‘-’ The con- 
centration limit for determination depends on the 

stability of the complex formed [(en~~i~ibitor) 
or (en~~ac~vator) or possibly (enzyme-sub- 
stratekinhibitor].” The method is not always specific, 
but is both sensitive and selective. These character- 
istics can be improved, in the case of prosthetic metal 
determination of metal-enzymes, by means of apo- 
form reactivation, e.g., by removal of the metal by 
~mplexation.” 

The accuracy of the analytical determination of 
trace elements, and the study of the role of metallic 
ions in a given metabolic cycle, are not, however, the 
sole goals of these studies, since the acquisition of 
structural data on the active sites or the nature of the 
metal-enzyme bond, and on the formation and de- 
composition mechanism of metal complexes is also a 
worthwhile objective.‘* 

In the present work we have studied the enzymatic 
catalysis of xanthine oxidase (XOD). This enzyme 
(average molecular weightI N 2.8 x 10’) is composed 
of two subunits, generally considered identical,14 each 
containing three prosthetic groups: (a) one MO atom 

*Work done with the financial support of the Minister0 
della F’ubblica Istruzione (Italy), for research of national 
interest, 11835. 

?Author to whom correspondence should be addressed. 

at the active site for oxidation of xanthine, (b) an 
FAD (fla~nadenine dinucleotide) molecule at the 
active site for reduction of oxygen and (c) two 
iron/sulphur systems (I and II), non-equivalent,‘5 
which probably act as electron-reservoirs during the 
catalytic cycle, so that electron transfer takes place 
according to the sequence:‘3 

xanthine --+ MO -+ Fe/S -+ FAD -+ 0, 

The enzyme oxidizes xanthine to uric acid, molec- 
ular oxygen acting as the electron acceptor and being 
reduced to hydrogen peroxide and the superoxide 
radical (Oc), within an overall reaction which, on the 
basis of the behaviour of milk xanthine oxidase,‘b’s 
can be shown schematically as 

3X + 3Hz0 + 402 = 3U + 2H,O, + 20;1+ 2H+ 

where X stands for xanthine and U for uric acid. 
This overall reaction can be subdivided into two 

h~f-reactions, the enzyme reductive step leading to 
the formation of uric acidI and the enzyme oxidative 
half-reaction’7.‘8 leading to the formation of HZOZ 
and OF. 

The first half-reaction can be envisaged as follows: 

X U 

1+ 
J& .%k [E&j --i-, [l&X] -T:” - I + E4 (1’) 

241 
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where E = enzyme (XOD). The subscript accom- 
panying E stands for the number of electrons re- 
sponsible for reduction of the enzyme (E,, = fully 
oxidized XOD; E, = fully reduced enzyme, the 6 
electrons being supplied in pairs by X). Kd is the 
dissociation constant of the enzyme-substrate com- 
plex; K,, K,, etc. are the rate constants of the re- 
spective reactions. 

In our work we have concentrated our attention on 
this half-reaction, with reference to the way it is 
affected by the presence of metallic ions. Other 
authors who have examined this problem, either 
directly or indirectly, include Bergel,” Guilbault,*O 
Kela2’s22 and Ramadoss.23 

EXPERIMENTAL 

Apparatus 

The enzyme reaction was monitored spectrophoto- 
metrically by means of a double-beam Perkin-Elmer grating 
spectrometer (Model 554), with a microcomputer-driven 
recorder and a water-circulation thermostat, Iulabo R5-6A. 
The pH readings were taken with an Orion Model 701 A 
pH-meter at 37 k 0.1”. Conductivity measurements were 
obtained by means of an Analytical Control Model 101 
Conductimeter. 

Reagents 

All reagents and solutions were prepared with doubly 
distilled demineralized water (conductance = 1 x low6 mho 
at 25”) and stored in the dark in polyethylene containers to 
avoid.any cation-exchange in the-solution.*’ Glassware was 
washed according to Thiers.25 stored in 6”/, v/v nitric acidz6 

“: 

and washed with doubly distilled deminerahzed water before 
use. 

Buffer. Tris-buffer [tris(hydroxymethyl)aminomethane], 
O.O5M, prepared” with “Trizma base” and “Trizma HCl” 
(Sigma Chemical Co.), pH 7.40 at 37”, was used throughout. 

Enzyme. Grade I buttermilk xanthine oxidase suspension 
in 2.3M ammonium sulphate containing 0.02’% sodium 
salicylate (Sigma Chemical Co.), nominal specific activity 
0.76 U/mg of protein at 25”, essentially uricase-free, was 
used and kept refrigerated at 4”. The working solution was 
prepared daily (to avoid loss of enzyme activity) by dis- 
solving 10 ~1 in 1 ml of Tris-buffer at pH 7.4 (concen- 
tration = 370 pg/ml, N 1.3 x 10m6M; specific activity = 1.4 
U/mg of protein, at 37” and pH 7.4). The solution was kept 
refrigerated at 4” and proved stable over a 6-hr period. 

Substrate. The 1 x lo-‘M xanthine stock solution was 
prepared by dissolving the necessary quantity of purine base 
(U.S. Biochemical Corp., Cleveland. Ohio) in 0.5 ml of 2M 
potassium hydroxide and diluting to 200 ml with Tris- 
buffer. The solution was kept at 4” and protected from light. 

Cation and anion solutions. The 3 x lo-*M stock solutions 
of the various metal ions were prepared by dissolving in 
water suitable quantities of the Merck analysis-grade re- 
agents (chlorides and sulphates of most ions; nitrate for 
Ag+; ammonium and sodium salts for the anions); the 
concentration of solutions was checked complexometrically** 
or by AAS. Before use, solutions of the desired concen- 
tration were obtained by dilution with Tris-buffer (pH 7.4). 

Analytical procedure 

The XOD-catalysed enzymatic oxidation of xanthine to 
uric acid was monitored spectrophotometrically in Tris- 
buffer (PH 7.4) at an ionic strength of 0.04M and at 
37 f 0. l”, by measuring the uric acid absorption at 291 nm. 
The experiments were done under pseudo zero-order condi- 
tions, i.e., with a large excess of substrate. The kinetic 
behaviour was studied by means of the initial rate method,29 
during the first 10 min of the reaction. 

The effect of inhibitors was measured under the following 
standard conditions; into a quartz cell, with an optical path 
of 10 mm, the following solutions were placed in the order 
given: 0.18 ml of 1 x lo-‘A4 xanthine (this gave a final 
concentration of 6 x IO-‘M); 1.30 ml of Tris-buffer; 1.50 ml 
of cation or anion solution of suitable concentration in 
T&buffer. The mixture was brought to 37 + 0.1” and 20 ul 
of 1.3 x 10m6M enzyme solution-(to give--S9 x 10d9;M 
final concentration, equivalent to 2.5 ng of protein per ml) 
were added. The total solution volume in the cell was 3 ml 
in all experiments. Absorbance readings were taken against 
a blank containing no enzyme. A similar procedure was 
followed for monitoring the reaction rate in the absence of 
inhibitors. Plots of absorbance m. time were used to deter- 
mine the initial reaction rate (uo), expressed as AA,,,/min. 

In order to minimize errors due to loss of activity of the 
enzyme during successive determinations, the relative activ- 
ity was used: 

G( = 2 = ( im ia rea ‘on rate in presence of inhibitor) ‘t’ 1 ct1 
v,, (initial reaction rate in absence of inhibitor) 

RESULTS AND DISCUSSION 

The optimum standard operating conditions de- 
scribed were chosen on the basis of a few preliminary 
investigations aimed at determining (a) the optimum 
substrate concentration with respect to assessment of 
metal effect on the reaction of interest; (b) the effect 
of pH on the initial rate of the XOD-catalysed 
reaction, it having been previously established that, 
under standard conditions, there was a linear re- 
lationship between no and XOD concentration. 

The dependence of v. on substrate concentration is 
shown in Fig. 1. It appears that over the concen- 
tration range 4 x 10e5-1 x 10m4M, v, is independent 
of substrate concentration (pseudo zero-order condi- 
tions), and no inhibition by excess of substrate is 

P I I I I I 

2 4 6 a 10 

[xanthme] ~10% 

Fig. 1. Substrate-concentration dependence of initial reac- 
tion rate v, for XOD-catalysed xanthine to uric acid con- 

version. 



Enzymatic catalysis with xanthine oxidase 243 

observed.” On the basis of this behaviour the stan- 
dard xanthine concentration was established, namely 
6 x 10-5M. 

AS illustrated in Fig. 2, a0 is practically constant in 
the vicinity of pH 7.4 f 0.1. This is therefore the 
optimum operating pH because it is also close to 
physiological values. (The study was done over the 
pH range 6.7-8.7, the usual pH range available at 37” 
with this buffer.) 

At the chosen pH, the Michaelis constant K, for 
xanthine was determined at different enzyme concen- 
trations, according to the method of Lineweaver and 
Burk,3’ and found to be 5.77 kO.17 x 10-6A4, in 
good agreement with literature values32s33 obtained 
under similar conditions. 

The effect of a number of ions at low concentration 
on the XOD-catalysed xanthine-turic acid con- 
version was examined without considering the form 
in which they were present in solution under typical 
experimental conditions. 34 A few showed no measur- 
able effect when present in the concentration range 
1 X 10-‘-l x 10-4M, viz. Li(I), Ca(II), Ba(II), 
Mg(II), Cd(II), Zn(II), Fe(II), Fe(III), Cr(III), 
Al(III), Se(N), Mo(V1) and W(VI). 

Another series, composed of Co(II), Pb(II), V(II1) 
and V(IV), was not stable in the buffer utilized. 
Finally, a third series, comprising Tl(I), Ag(I), Cu(II), 
Hg(II), Au(III), V(V) and Cr(VI), showed inhibiting 
effects to varying degrees. 

The inhibition strength of these species, expressed 
as I,o [the overall metal concentration producing 50% 
inhibition (a = 0.5)], is shown in Table 1, and Fig. 3 
shows how CI and 1% [ = (1 - a)%], vary with metal 
ion concentration. It is apparent that strong in- 
hibition is brought about by Ag(1) and Hg(II), which 
have a considerable effect even at concentrations 
similar to the enzyme concentration, and at 2 x lo-’ 
and 1.3 x 10d6M concentrations, respectively, pro- 
duce almost complete and irreversible deacti- 
vation (Table 2). The order of decreasing inhibiting 
power of the other five ions in this group is 
Cu(I1) > Cr(V1) > V(V) > Au(II1) > Tl(1). 

The behaviour of Ag(1) and Hg(I1) can be ex- 
plained in terms of their high affinity toward a thiol 
group in the enzyme, 35 although the role of the thiol 
itself is still not clear.36 The much lower inhibiting 
power of Cu(I1) can be reasonably ascribed to the 
formation of an Me(Tris)2f complex, which appears 
to be very stable.34 

The reactivation of the enzyme (type R experi- 
ments) and the protection of the enzyme against 
inhibitor (type P experiments) were also examined for 
all inhibitors. Type R measurements were obtained 
by incubating the enzyme for 1 min in the presence 
of the inhibitor (with formation of the 
enzyme-inhibitor [EI] complex), then treating it with 
a strong metal-complexing agent (EDTA) to free the 
enzyme and restore its activity. 

Type P data (protection data) were obtained by 
treating the inhibitor with the complexing agent to 

Table 1. Effect of various metals 
on XOD-catalysed xanthine 0x1- 

dation to uric acid 

Metal 

-WI) 
Au(III) 

V(V) 
Cr(VI) 
Cu(II) 
Hg(II) 
Az(I) 

I M, *M 
9.9 x 10-4 
6.2 x 10-4 
1.9 x 10-4 
7.5 x 10-5 
5.6 x IO-5 
4.2 x 10-7 
7.7 x 10-S 

*Inhibitor concentration necessary 
to produce 50% inhibition (a = 
0.5). 

form the complex [EDTA-I], which if stable enough 
will prevent formation of complex [EI] when the 
enzyme is added, leaving the enzyme free to exert 
catalytic activity. 

For both R and P measurements and for the blank 
(without EDTA), the substrate was then added to the 
reaction mixture to initiate the catalysed reaction. 

Inhibition by Cr(V1) could not be studied in this 
way since it does not form an EDTA complex under 
the experimental conditions.37 Alizarin Red S [which 
should complex Cr(V1) at pH 3-81,” did not work 
either. 

The results obtained for enzyme reactivation (R) 
and protection (P) are reported in terms of relative 
activity (c~a and clr, respectively) in Table 2. 
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Fig. 2. pH-dependence of initial reaction rate v,,, for XOD- 
catalysed xanthine to uric acid conversion. 
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Fig. 3. Metal-concentration dependence of inhibition for 
various metals; a (relative activity) and Z% [percentage 
inhibition = (1 - a)“/,] are both plotted. 0 Ag(1); 0 Hg(I1); 

0 Cu(II); 0 Cr(V1); q V(V); A Au(II1); Q Tl(I). 
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Fig. 4. A, Inhibition mechanism for TI(1) (competitive); 
(a) [Tl] = 0; (b) mn] = 1 x 10m4M; (c) [Tl] = 3 x 10m4M. B, 
Inhibition mechanism for V(V) (competitive); (a) [VI = 0; 

(b) M = 3 x 10-5M; (c) [VI = 1 x 10-4M. 

It can be seen that there is very efficient enzyme 
reactivation (hence reaction reversibility) for Tl(I), 
V(V) and Cu(II), but none for Au(III), Hg(I1) and 
Ag(1). On the other hand, enzyme protection by 
EDTA is about 100% in all cases studied, except for 
Ag(1) which forms only a weak EDTA complex. 

For the reversible inhibitors [Tl(I), V(V) and 
Cu(II)] it proved possible to determine the inhibition 
mechanism and the conditional inhibition constant 
K,, given either by the dissociation constant of com- 
plex [EI] (in the case of a competitive linear mech- 
anism) or by the dissociation constant of the 
enzyme-substrate-inhibitor complex [ESI] (the dis- 
sociation reaction being [ESI] = [ES] + I), in the case 
of uncompetitive inhibition. 

Methods described in the literature39 were applied, 
utilizing double reciprocal plots with lines fitted by 
the least-squares procedure. The results obtained are 
shown in Table 3, where pKi values for the various 
inhibitors are collected, and in Figs. 4 and 5. 

Tl(1) and V(V) show a similar inhibition mech- 
anism (linear competitive)40 characterized by the in- 
hibitor (I) competing with the substrate (S) in binding 
to the enzyme (E): 

E+S$[ES]--%E+p (p=product) 

E + I f [EI] 

The inhibitor complex [EI] does not undergo any 
further reaction such as formation of a ternary 
complex [EIS] between enzyme, inhibitor and sub- 
strate. 

For this type of inhibition the rate equation, 
expressed in the reciprocal form suitable for the 
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Table 3. Inhibition mechanism and values of the conditional inhibition constant 
K, for reversible inhibitors in XOD-catalysed xanthine to uric acid conversion 

Inhibitor Inhibiting mechanism* Ez, M PK, 

n(I) Linear competitive 2.20 f 0.09 x 10-d 3.65 * 0.02 
V(V) Linear competitive 1.70 + 0.02 x 10-d 3.77 + 0.01 

Cu(II) Linear uncompetitive 2.49 f 0.25 x 1O-5 4.60 + 0.05 

*pH 7.4; fi = 0.04M (Tris buffer); T = 37 k 0.1”; K,,, = 5.77 f 0.17 x 10-6M; 
pK,,, = 5.24 f 0.01. 

double reciprocal plots, is 

where v0 = initial rate, v,,,,, = maximum rate, [S] and 
[I] are the concentrations of substrate and inhibitor, 
respectively, K,,, is the Michaelis constant and K, the 
conditional inhibition constant. 

Cu(II), on the other hand (Fig. 5A), gives in- 
hibition of the linear non-competitive type,40 accord- 
ing to the scheme 

[ES] + I f [ES11 

which is described by the initial-rate law 

This mechanism has been confirmed (Fig. 5B) by 
construction of a Hanes4’ plot, of [S]/v, vs. [S] at 
different inhibitor concentrations. Thus inhibition by 
Cu(I1) involves the formation of the ternary complex 
[ESI], which prevents the formation of uric acid.39 

The behaviour of V(V), in agreement with a recent 
suggestion of Ramadoss,23 can be envisaged as a 
competitive interaction of the metal at the active site 
of oxidation of xanthine (in particular interaction 
with MO), which prevents the substrate from inter- 
acting at this site. The behaviour of Tl(1) can be 
similarly explained, although the identification of MO 
as the interaction site is less certain. 

The linear relationship between c( and the inhibitor 
concentration over ranges typical of each metal al- 
lows some analytical determinations down to the 
nanogram region. The determination is selective but 
not specific, since different metals can act simulta- 
neously as inhibitors. Modifications such as change 
of buffer, or masking of interferents by complexation, 
may give more specificity, however. 

Calibration curves for Ag(I), Hg(II), Cu(II), 
Cr(VI), V(V), Au(II1) and Tl(1) are shown in Fig. 6; 
Table 4 shows the detection limits, analytical concen- 
tration ranges, and relative standard deviations. The 
method is most useful for silver and mercury, which 
have detection limits of about 1 x 10m9 and 
1 x lo-'M, respectively, which is much better than 
the value 2.5 x lo-‘M obtained by other authorsZo 
for the same reaction but a different method. The 
XOD-method for silver has a lower detection limit 
than those using alcohol dehydrogenase,42 urease,43 
invertase,” or glucose oxidase45, whereas the limit of 
detection for mercury is much the same as that 
obtained by Townshend and Vaughan with alcohol 
dehydrogenase. 42 Thus of the enzymes studied for 
subnanogram levels of silver and mercury,4,42a XOD 
and alcohol dehydrogenase are the most effective. 

XOD is also promising for determination of Cu(I1) 
and Cr(VI), the detection limit being about 10m7 M, 
but other techniques are to be preferred for V(V), 
Au(II1) and Tl(I), for which the XOD performance is 
not as good. 

0 :ow 2 

1 / [xanftnne] HO5 L /mole I [xanthme] (10-6Ml 

Fig. 5. Inhibition mechanism for Cu(II) (uncompetitive); A, double reciprocal plots, B, Hanes plot: (a) 
[Cu] = 0; (b) [Cu] = 5 x 10-6M; (c) [Cu] = 1 x IO-‘M. 
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Table 4. Detection limits and concentration ranges for 
inhibitor determination in XOD-catalysed xanthine to uric 

acid conversion 

Detection limits,* Concentration range, 
Inhibitor nglml M 

Ag(I) 0.11 1 x 10-9-l x 10-7 
Hg(II) 2 1 x 10-s-5 x 10-r 
Cu(I1) 6.3 1 x 10-T-5 x 10-h 
Cr(V1) 16 3 x lo-7-l x 10-r 
V(V) 2 x 102 4 x 10-6-l x 10-r 

Au(II1) 2 x 10’ 1 x 10-5-l x 10-4 
Tl(I) 6 x 10’ 3 x 10-5-l x IO-4 

*Minimum inhibitor cell concentration to produce a de- 
tectable decrease in a (Aa). Standard conditions. 

For the four best applications the relative standard 
deviation ranges from 1 to lo%, the average being 
about 2.5x, and the relative error of the mean of 5 
determinations does not exceed + 4% (see Table 5). 

The lack of specificity can be partially circum- 
vented as already explained. In particular a degree of 
specificity for Ag(1) and Cr(V1) can be achieved by 
use of EDTA. Cr(V1) cannot be complexed under the 
experimental conditions,37 and Ag(1) has very strong 
affinity for the enzyme and very little for EDTA. This 
can be explained as follows. The conditional in- 
hibition constant K, is the inverse of the stability 
constant of the [EI] or [ES] complexes, and pK, can 
be directly compared with log Khy [the logarithm of 
the conditional stability constant of the EDTA (Y) 
complex of the inhibitor metal (M)]. At pH 7.4, the 
log Kh, values are 4.2 for Ag(I), 3.5 for TI(I), 15.6 
for Cu(II), 10.4 for Hg(II), 15.1 for V(V); Cr(V1) 
cannot be complexed under the conditions used,37 
and Au(II1) is reduced to the metal by EDTA.47 

a 06- 

II 11 1 ’ a “1 
0 2 4 6 8 10 0 

[Ms]dY) FMe] to-4il 

Fig. 6. Enzymatic determination of metal ions. Variation 
of a with inhibitor concentration, A, 0 Ag(1); 0 Hg(II); B, 
0 Hg(I1); C, l Cu(I1); 0 Cr(V1); q V(V); D, A Au(II1); 

8 ThI). 

Whereas pK, is very high for Ag(I), it is only about 
3.6 for Tl(I), which is comparable with the log K& 
value, and this means that the ratio of FlE] to [TIY] 
would be about the same as the concentration ratio 
of XOD to EDTA, and that excess of EDTA could 

Table 5. Quantitative enzymatic determination of metallic inhibitors based on the 
XOD-catalvsed xanthine to uric acid conversion 

Cell 
Theoretical cell concentration found* Relative 
concentration, f standard deviation, error, 

Inhibitor M M rsd, % % 

Ag(I) 2 x lo-9 2.08 f 0.10 x lO-9 5 +4 
7 x lo-9 7.15 f 0.12 x lo-9 1.7 +2.1 
1 x 10-s 0.96 + 0.09 x IO-’ 10 -4 

2.5 x lO-8 2.52 f 0.06 x lO-8 2.4 +0.8 
4.7 x lo-8 4.66 + 0.06 x lO-8 1.4 -0.8 

Hg(II) 2 x 10-s 2.06 k 0.10 x lO-8 5 +3 
7 x 10-s 7.14 + 0.11 x lo-8 1.6 +2 

1.3 x 10-r 1.28 f 0.07 x lO-7 6 -1.5 
2 x 10-T 1.98 f 0.05 x lO-7 2.5 -1 

3.7 x lo-’ 3.8 f 0.04 x lO-7 1 +2.7 
Cu(I1) 3 x 10-r 3.08 f: 0.15 x lO-7 5 +2.7 

7 x 10-7 7.10 k 0.08 x lO-7 1 +1.4 
1.4 x lo-6 1.35 * 0.11 x 10-6 8 -3.6 
2.5 x lO-6 2.45 + 0.05 x lO-6 2 -2 

4 x 10-b 4.10 f 0.04 x lo-6 1 +2.5 
Cr(V1) 4 x 10-T 4.12 + 0.06 x lo-’ 1.5 +3 

7 x 10-7 7.08 f 0.07 x lO-7 1 +1.1 
1.3 x lo-6 1.25 k 0.10 x lO-6 8 -3.8 
3.5 x 10-6 3.55 k 0.08 x lO-6 2 +1.4 
6.6 x 10-6 6.40 f 0.10 x lO-6 1.6 -1.5 

*Average value from 5 determinations. 
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effectively mask the Tl(I), whereas Ag(1) will not be 
masked. The Cu(I1) and V(V) complexes with EDTA 
are much stronger than the XOD complexes, so these 
species are masked by EDTA. Hg(I1) presents an 
interesting case. As a result of formation of hydroxo- 
complexes of mercury(II), log Ku,, is comparatively 
low (10.4 at pH 7.4), but Hg(I1) has high affinity for 
the enzyme thiol groups. It is of interest that the 
mercury(I1) can be masked by a large excess of 
EDTA added before the enzyme, but the enzyme 
activity cannot be restored if the EDTA is added after 
the (EI) complex has already been formed. 

Obviously the strongest inhibitors, Ag(1) and 
Hg(II), can be separately determined at low concen- 
trations (1 x 10m9-l x lo-’ M) in the presence of the 
weaker inhibitors when these are present at concen- 
trations below the detection limits (N 1 x lo-’ IU, 
Table 4). 

In the case of XOD, where two active sites with 
different functions are present, a certain specificity in 
the determination of inhibitors might be achieved if 
they react differently with the two sites. 

This possibility is currently being explored by 
studying the metal-enzyme interaction through the 
XOD-catalysed NADH-NAD+ oxidation, since it is 
known that in this reaction the substrate NADH 
interacts with the active site of flavin.” 
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Smnmary-Although photometric determination of beryllium is generally quite satisfactory in trace 
analysis, application to geochemical samples is restricted because of the numerous interfering ions. 
Introduction of an extraction procedure eliminates the interference of Al and Fe, which occur in high 
concentrations in most silicate rocks, and enables beryllium to be determined with Eriochrome Cyanine 
R. Use of the method for analysis of six international geochemical reference samples containing between 
1 and 30 ppm beryllium has given satisfactory results (relative standard deviation from 1.6 to 7.8%). 

Although a great number of photometric methods for 
determining beryllium have been proposed, very few 
are suitable for determining traces of beryllium in 
rocks and minerals. For this analysis the technique 
used must meet several criteria. 

1. The limit of detection should be near 0.5 /.~g 
(preferably 0.1 pg) of beryllium. 

2. Aluminium and iron contents up to 10’ times 
that of beryllium must not interfere. 

3. The results must be reproducible. 
4. The standard deviation should be within the 

limits usual for trace analysis. 

A survey of the literature shows that only a few of 
the published procedures for the photometric deter- 
mination of beryllium in silicate materials fulfil these 
requirements. 

To work out an analytical technique for deter- 
mining beryllium in geochemical samples, we chose 
Eriochrome Cyanine R from the numerous sub- 
stances which form chelates with beryllium (Beryllon, 
Fast Sulphon Black, Eriochrome Cyanine R, Quin- 
alizarin, Aluminon, etc.). The complex has a molar 
absorptivity of 1.5 x lo4 l.mole-‘.cn-’ at 512nm, 
the wavelength of the absorption maximum, so the 
method should have relatively high sensitivity. Hill’ 
obtained good results by using Eriochrome Cyanine 
R, and his work was made the basis of our initial 
investigations. Hill had found that Al, Fe, Ti and P 
interfered, and used EDTA for masking. The extent 
to which these ions interfere in Hill’s procedure was 
therefore investigated. It was found that while the 
measurements were only slightly influenced by phos- 
phate and permanganate, aluminium and iron(II1) 
interfered considerably in the determination of beryl- 
lium despite the addition of EDTA as masking agent 
(see Table 1). The negative absorbances for solutions 

*Author for correspondence. 

containing aluminium are presumably due to precip- 
itation of the dyestuff (the absorbance is measured 
against a reagent blank). Since aluminium and iron 
are abundant in rocks and soils their influence on the 
beryllium determination was examined carefully. Fig- 
ures 1 and 2 show the individual effects and Fig. 3 
shows their combined influence. The graphs show 
that the determination is highly sensitive to the iron 
and aluminium concentrations above a certain level, 
and that there is a variable degree of compensation 
when both elements are present, depending on their 
concentration ratio. Such effects tend to conceal the 
true magnitude of the individual interferences. The 
experiments performed indicate that when Hill’s 
method is used, the simultaneous presence of 2 mg 
each of iron and aluminium will cause significant 
interference in determination of 2.5 pg of beryllium. 
Hence for an “average” granite (13% A&O,, 1.5% 
Fe,O,, 3 ppm Be), Hill’s method in its original form 
would not be suitable for determination of beryllium. 

0 253 - 

Be 2 5 pg/5Oml 

-0066 
I I I I I 

0 40 60 120 160 200 

AlCl, (mg/50ml) 

Fig. 1. Interference with the beryllium-Eriochrome 
Cyanine complex by Al3 + , as a function of AICI, concen- 

tration, in presence of EDTA (1 = 512 nm). 
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Table 1. Effect of various ions on absorbance (at 512 nm) of Be solutions 

Present Absorbance 

2.5pgBe 0.096 
5.0 Be fig 0.180 
7.5pgBe 0.248 
2.5 Be pg + 200 FeCl, mg 0.203 
2.5 Be pg + 400 AlCI, mg -0.181 
2.5 Be pg + 200 FeCI, + mg 400 mg AlCI, -0.127 
2.5 Be pg + 4 H,PO, mg 0.100 
2.5 Be pg + 16 KMnO, mg 0.094 

We have therefore combined the photometric de- 
termination of beryllium by the Eriochrome Cyanine 
R method with prior extraction of the beryllium to 
separate it from the interfering substances. We have 
modified the extraction procedure given by Adam et 
nl.,’ who used acetylacetone and chloroform for the 
purpose and masked interfering ions such as alumi- 
nium and iron with EDTA. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer 552 double-beam grating spectropho- 
tometer equipped with thermostatically controlled cells 
(Haake, FRG), and a Metrohm E532 pH-meter were used. 
The extractions were done in Pyrex funnels cleaned with 3M 
hydrochloric acid and thrice rinsed with distilled water. As 
far as possible polyethylene apparatus was used. 

Reagents 
A 5% solution of Merck analytical grade acetylacetone in 

distilled water was prepared. The Eriochrome Cyanine R 

I I I I I 
0 40 a0 120 160 200 

FeCI, (mg/50ml) 

Fig. 2. Interference with the beryllium-Eriochrome Cyanine 
complex by Fe’+, as a function of FeCl, concentration, in 

presence of EDTA (3, = 512 nm). 
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Fig. 3. Interference with the beryllium-Eriochrome 
Cyanine ccmplex by the simultaneous presence of A13+ and 

Fe’+ and EDTA (A = 512 nm). 

solution was prepared by dissolving 500mg of the Merck 
reagent in 125 ml of distilled water along with 12 g of 
sodium chloride, 12 g of ammonium nitrate and 1 ml of 
concentrated nitric acid, adding 50 ml of ethanol, and 
diluting to volume with water in a 500-ml standard flask. 
Chloroform stabilized with ethanol (Merck) was used. 
Aqueous 5% disodium EDTA and sodium acetate solutions 
were prepared. All chemicals were of analytical grade. 
Standard 50+g/ml beryllium solution was prepared by 
dissolving 983 mg of BeS0,.4H,O in 25 ml of 5M hydro- 
chloric acid and diluting accurately to 1000 ml with water, 
and further diluted as required (several drops of 5M hydro- 
chloric acid being added whenever dilutions were made). 

Extraction procedure 

A known volume (40 ml is suitable) of the acid sample 
solution (containing l-10 pg of Be) is pipetted into a lOO-ml 
separatory funnel, mixed with 5 ml of EDTA solution, and 
adjusted to pH 6.9-7.0 with dilute ammonia solution 
(N 3M). Then 5 ml of the acetylacetone solution are added, 
and the pH is readjusted to 7.0. The mixture is shaken with 
10 ml of chloroform for 2 min. The organic phase is 
collected in a second separatory funnel. A further 0.1 ml of 
acetylacetone solution and 10 ml of chloroform are added 
to the aqueous phase and the mixture is shaken for 2 min, 
and the organic phase is added to the first. The combined 
organic phases are shaken for 2 min with 15 ml of 5M 
hydrochloric acid and the aqueous phase is collected. The 
stripping step is repeated. The two hydrochloric acid phases 
are combined and evaporated on a hot-plate to about 0.25 
ml and then diluted to about 5 ml with water. 

Photometric determination 

The concentrated aqueous phase is adjusted to pH 2-3 
with 2.5M sodium hydroxide, and 2 ml each of the EDTA, 
sodium acetate and Eriochrome Cyanine R solutions are 
added. Sodium hydroxide solution is then added until the 
colour of the solution changes from yellow to reddish violet 
(the pH then lies between 10.5 and 11.5). The solution is 
diluted to 20 ml, the pH is adjusted with hydrochloric acid 
to exactly 9.8, and the solution is transferred to a 25-ml 

0 30 - 
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Fig. 4. Absorbance of the beryllium-Eriochrome Cyanine 
complex as a function of temperature (1 = 512 nm). 
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Table 2. Beryllium concentrations in six international reference samples 

Reference Mean Analytical 
samnle Reported values (new) (lZvn ) method* Reference 
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SY-2 

NIM-G 

NIM-L 

QLO-1 

STM-1 

SDC- 1 

22.8; 24.1; 22.9; 19.4 22.3 HYJ 
16 ovs 
20 ovs 
20 000 
14 000 
29 ovs 
29 ovs 
22 BVS 
24 HOA 
28 ovs 
21 OCJ 
6.0; 5.9; 5.8 5.9 HYJ 
lot 000 
1.6 ovs 
1.41 FCJ 
25.1; 22.1; 24.4; 24.2; 24.3 HYJ 
w 000 
25.8 FCJ 
1.1; 1.6; 1.5; 2.0 1.1 HYJ 
1.83 HYA 
1.65 FCJ 
2.02; 2.09; 2.43; 2.16; 2.10; 2.01 2.14 00s 
9.8; 10.3 10.0 HYJ 
8.15 HYA 
9.02 FCJ 
11.2; 11.1; 12.6; 11.8; 11.5; 12.3 11.85 00s 
1.9; 2.1 2.0 HYJ 
2.52 HYA 
2.51 FCJ 
3.95; 3.14; 3.68; 3.52; 3.60; 3.82 3.18 00s 

this work 
4 
10 
4 
4 
4 
4 
4 
4 
4 
4 
this work 
I 
10 
9 
this work 
I 
9 
this work 
5 
3 
6 
this work 
5 
3 
6 
this work 
5 
3 
6 

*Code4 for the analytical methods used. 
(i) Sample pretreatment (ii) Separations (iii) Final measurement 

B pelletization C chromatography, ion-exchange A atomic-absorption 
F fusion, sintering V bulk volatilization J absorptiometric, 
H acid decomposition Y solvent extraction fluorimetric 
0 none used or not specified 0 none used or not specified S spectrographic 

T‘Magnitudes” according to Flanagan’. 
0 not specif;ed 

standard flask and diluted to the mark with water. After 45 
min for colour development the absorbance is measured at 
512 nm against a blank solution prepared by applying the 
photometric procedure to 1.0 ml of 3M hydrochloric acid. 

Because of the formation and stability of the complex and 
hence the absorbance are strongly temperature-dependent 
(Fig. 4), all measurements must be done at the same 
temperature. Although measurement at lower temperatures 
would increase the sensitivity, for reasons of speed it is 
desirable to use temperatures close to room temperature. 

Calibration graph 

For construction of the calibration graph, different 
amounts of standard solution are pipetted and treated by 
the procedures of extraction and analysis described above. 
The calibration graph is linear in the range up to 0.25 pg/ml 
in the final solution. A decrease of pH from 9.8 to 9.1 
diminishes the absorbance by about 9%. 

RESULTS AND DISCUSSION 

The beryllium concentrations of six international 
geochemical reference samples were determined; for 
every determination a separate digestion was per- 
formed (routine digestion with 15 ml of concentrated 
hydrofluoric acid and 2 ml of concentrated sulphuric 

acid for 0.5-1.5 g of sample). The results of the 
determinations (Table 2) demonstrate an accuracy 
and precision satisfactory for most geochemical prob- 
lems and for analysis of a wide variety of matrices 
containing beryllium at concentrations down to 1.5 
ppm. For routine analysis of large numbers of sam- 
ples, the various steps of the procedure should be 
systematized, e.g., by using two sets of separatory 
funnels set up in two ranks, one above the other, and 
by using an automatic shaker for the extractions. In 
this way the analysis time and possible external 
contamination can be reduced. 

Acknowledgement-The authors are gratefully indebted to 
Dr. B. R. Willeford, Jr., Bucknell University, Lewisburg, 
Pennsylvania, for his kind and helpful comments. 

Note added in proof 

During the period this article was in press, Watkins 
and Thompson published a paper on “Determination of 
beryllium and zirconium in 45 geochemical reference sam- 
ples by inductively coupled plasma emission spectrometry” 
(Geostand. Newslett., 1983, 7, 213) and reported beryllium 
data on the reference samples SY-2, NIM-G and NIM-L. 
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Summary-A fluorimetric study has been made of the kinetics of the reaction of 2-hydroxy-l-naphthalde- 
hyde p-methoxybenzoylhydrazone with aluminium, and a rate equation and a possible kinetic scheme are 
proposed. Experimental conditions are defined under which 0.020-lO.OpM aluminium can be determined 
with an average error of 3.7% and a coefficient of variation of about 4.6%. 

Hydrazones (characterized by the grouping 
C=N-N, and related to SchifT’s bases), have been 
used as photometric and fluorimetric analytical re- 
agents for the determination of metals.’ The for- 
mation of a highly fluorescent chelate through the 
combination of a metal ion and an organic ligand has 
often proved to be a sensitive and specific method for 
the determination of metals, particularly those which 
are difficult to measure by atomic-absorption spec- 
troscopy.2 

Fluorescent complexes of aluminium have received 
a great deal of attention. Some scores of papers give 
analytical methods for a wide variety of samples.3 
Fluorimetric applications of hydrazones for the de- 
termination of aluminium, on the other hand, are few 
in number, the main reasons being the slow reactions 
and the lack of kinetic and mechanistic studies. 

2-Hydroxy-1-naphthaldehyde p-methoxybenzoyl- 
hydrazone (HNAMBH) has been used recently for 
fluorimetric determinations of aluminium, scandium 
and thorium,4-8 though the procedure for the deter- 
mination of aluminium has some limitations.’ Kinetic 
methods of analysis offer greater speed and 
specificity. 

In this study we have combined the merits of 
kinetic methods and spectrofluorimetry to study the 
kinetics of the reaction between HNAMBH and 
aluminium ions and, on the basis of optimized experi- 
mental conditions, have developed a kinetic 
fluorimetric method for the determination of alumi- 
nium in aqueous solution. A rate equation and a 
possible kinetic scheme are proposed for the reaction. 
The method developed is simple, rapid, very sensitive 
and more selective than non-kinetic methods. Micro- 
amounts of aluminium in the range 0.020-10.0 nmole 
in the spectrofluorimeter cell have been determined 

*Author for correspondence. 

with a relative standard deviation of 4.6% and mea- 
surement times of about 60 sec. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 512 double-beam fluorescence 
spectrophotometer with a 150-W xenon lamp was used. For 
all measurements standard rectangular cells of l.OOO-cm 
path-length, made of fluorescence-free fused silica, were 
used. The cell compartment was modified and a magnetic 
stirrer was mounted under the sample cell holder. A con- 
stant temperature of 25.0_+ 0.1” in the sample cell was 
maintained by using a thermostatic water-bath. The 
fluorescence intensity vs. time curves were recorded on a 
Sargent-Welch XKR potentiometric recorder. 

The following instrumental settings were used for mea- 
surements: ratio mode; dynode voltage 750 V, excitation 
wavelength 420 nm with a band-width of 20 nm; emission 
wavelength 475 nm with a band-width of 20 nm. 

Reagents 

All solutions were prepared in demineralized distilled 
water from reagent-grade materials, unless otherwise stated. 

2-Hydroxy - 1 -naphthaldehyde p-methoxybenzoylhydra - 
zone (HNAMBH), solution, IO--hI, in acetone. The syn- 
thesis of the reagent has been previously described.“ The 
stock solution is stable for several months. 

Standard aluminium solution, loo0 ppm (37mM). This 
solution was prepared by dissolved an ampoule of Merck 
“Titrisol” aluminium standard solution (1.000 f 0.002 g of 
Al) in 1 litre of O.lM hydrochloric acid. Working solutions 
were prepared by appropriate dilution with water. 

Stock 0.1 M glycine/O. 1 M sodium chloride buffer, pH 3.50. 
Prepared by dissolving 7.51 g of glycine and 5.85 g of 
sodium chloride in 700 ml of water, adjusting to pH 3.50 
with O.lM hydrochloric acid and diluting with water to 1 
litre. 

Working buffer solution, pH 4.80. Prepared by mixing 300 
ml of the stock glycine buffer with 600 ml of acetone. 
adjusting the pH to 4.80 with hydrochloric acid and diluting 
with water to 1 litre. 

Transfer 2.00 ml of buffer solution and 1.00 ml of sample 
or standard aluminium solution into the cuvette and start 
the stirrer. Cover the cell and record the fluorescence 
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intensity until it is steady. Inject, through a plastic septum 
in the cover, 100 ~1 of the reagent solution and record the 
changing fluorescence intensity for 2-3 min. Construct a 
kinetic calibration curve by plotting initial reaction rate 
(slope method) VS. aluminium concentration. 

RESULTS AND DISCUSSION 

Kinetic studies of the HNAMBH-Al system 

Choice of buffer solution. It is known that alumi- 
nium ions form a 1: 1 complex with HNAMBH in 
weakly acidic solution and that the maximum 
fluorescence intensity of the complex (& 420 nm and 
&,, 475 nm) is obtained in the pH range 3.5W.50 
(40% acetone solution), depending on the aluminium 
concentration.’ In that study it was noticed that 
acetate buffer solutions were not suitable, because 
acetate forms complexes with aluminium ions. Like- 
wise, citrate buffers gave no measurable fluorescence. 
Glycine buffers, on the other hand, were found 
suitable, since the same maximum fluorescence in- 
tensity was observed as for solutions with the same 
pH but adjusted only with hydrochloric acid. Hence 
glycine buffer was chosen for the kinetic studies of 
this reaction. 

Figure 1 shows the effect of pH on the initial 
reaction rate for different aluminium concentrations. 
The maximum reaction rate was observed at pH 
4.7-5.1, a range which is not so broad as that when 
measurements are made under equilibrium condi- 
tions, and means that the optimal pH range does not 
depend largely on aluminium concentration.’ This 
situation makes the kinetic conditions more favour- 
able for analytical application. A pH of 4.8 was 
chosen for the kinetic studies and the analytical 
method. 

Determination of the equilibrium constants. The 
formation of complexes between aluminium ions and 
HNAMBH(H,R) in weakly acidic solution can be 
expressed by the equations: 

A13+ + HIR-II,A1HR2+ + H+ 
k-1 

(1) 

A13+ + H,O “1, AlOH’+ + H+ (2) 

A10H2+ + H2R &AlHR2+ + Hz0 
k-2 

(3) 

where reaction (2) is known to be fast. 
H,R has two dissociation constants and in the pH 

range 3.00-5.50 the predominant species is H2R.5 The 
equilibrium constant of reaction (1) 

k, [AlHR’+][H+] 

K’=k,= [A13+lWA 
(4) 

was calculated by using the first ionization constant 
of H,R,’ 

K2 H R = [H+ll-HR-l = 1.1 x IO-9 

P-WI 
(5) 

and the instability constant of the complex, K,,,,:’ 

36 46 

PH 

54 

Fig. 1. Effect of pH on the initial slope. 
[HNAMBH] = 32/~M, [Al], /itM: (1) 1.6; (2) 4.8; (3) 6.4; 

other conditions as in procedure. 

K 

l”SI 
= [A13+1[HR-1 = 1 6 x lo-6 

[A1HR2+] ’ (6) 

Combining equations (4)-(6) we get 

K, = +a = 7.0 x lO-4 
l”St 

(7) 

so this reaction is not significant. 
The equilibrium constant for reaction (3) at pH 4.8 

is given by 

k2 [AlHR2+] 

K2 = k, = [AIOH’+][H,R] (8) 

and was calculated by combining the aluminium 
hydrolysis constant’ 

K 
h 

= [A10H2+1~+] = 6 2 x lo-6 

[A13+] ’ (9) 

with KHzR and K,,,, to yield 

K H2R K,=----= 

K,,,, Kh 
1.14 x 102 

Thus reaction (3) will predominate at the optimum 

PH. 
Determination of reaction order and rate constants. 

If the formation of the complex is monitored 
fluorimetrically, the following general reaction-rate 
equation can be written: 

Rate = dWHR2+l 
dt 

= k[All” [H,R]” [H+l’ (11) 

where [Al] stands for the total initial concentration 
of aluminium. 

By keeping the concentrations of two of the three 
reagents constant and in large excess and varying the 
concentration of the third, pseudo first-order condi- 
tions were achieved with respect to each reagent in 
turn. 
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Figure 2 shows the first-order plots for the reaction Table 1. Kinetic results for the determination of reaction 

of three different concentrations of aluminium with order with respect to [HNAMBH] 

an excess of HNAMBH at optimum pH. The mean k &ST 

calculated pseudo first-order rate constant, kobs, was set -’ x l@ -In [HNAMBH] - ln kbs 

(1.83 f 0.11) x lop3 set’ (mean of 3 experimental 6.80 11.869 7.368 
results), which means that under these conditions the 12.0 11.226 6.125 

initial slope, AFlAt, where F is the fluorescence 18.0 10.820 6.320 

intensity, is directly proportional to the aluminium 
22.0 10.557 6.113 

concentration. From recorded kinetic curves for runs Regression equation y = 4.08 + 0.96x; (n = 4, r = 0.999). 

with different concentrations of aluminium, a mean [Al] =0.50~1U, optimum pH 4.80 in 40% acetone, 

value for a of 1.13 f 0.09 (3 determinations) was 
T = 25”, ionic strength 0.02M NaCl. 

found. 
By using the infinite time method for pseudo 

first-order conditions, kobs can be determined from or, taking into consideration equation (9): 

the recorded reaction traces by plotting In [F - F,] us. d[AlHR2+] 
time, where F and F, are the fluorescence intensities dt = 
at equilibrium and time t respectively. In this way, a 
series of koba values was obtained for different 
HNAMBH concentrations (Table 1). The reaction 

k2 & [Al’+] [H,R] - k_, [A1HR2+] (13) 

order (b) with respect to [HNAMBH] can be ob- At low pH (PH < pK,,) the reaction rate depends 

tained by plotting In koh us. ln[HNAMBH]. By inversely on [H+], [see equation (13) and Fig. 11, 

regression analysis a value of 0.96 was obtained for because as [H+] is decreased [A10H2+] is increased. 

b, indicating that the reaction is first-order with In the optimum pH range, where [H+] N Kh, the 

respect to the organic reagent. reaction rate is independent of pH. If [H,R] is in 

Table 2 shows kinetic results for the determination constant excess, so that 

of reaction order with respect to pH. The pH range 
studied covers values above and below the optimum 

k; = k2 [H,R] (14) 

pH range. By regression analysis a value of - 1.15 (4 equation (13) can be rewritten as 

results) was obtained for c, indicating a first-order 
reaction with respect to pH in the range 3.8-4.8. d’A1r2+1 = k; [A13+] -k_, [AlHR’+]. (15) 

The experimental kinetic results can be explained 
by taking into consideration the hydrolysis of alumi- By using the infinite time method, the pseudo 

nium, and that the complex is formed according to first-order constant 

reaction (3), for which the following rate equation 
can be written: 

k,,,,s = k; + k-2 (16) 

d[AlHR’+] 
can be determined (see Fig. 2). From equations (8) 

dt = 
and (16) k2 and k_2 can be calculated: 

k2[A10H2+] [H,R] - k_2 [A1HR2+] 
K2 kobs 

(12) 

Q-0- (3) 

*-O-@ 

k2 = - 
1 + K, 

k 
k_2=a 

1 + K2 

60- 
giving k2 = 90.9 + 5.7 l.mole-’ .sec-’ and k_2 = 
0.80 + 0.05 set-’ (3 observations). 

For pH > 5.20, the observed decrease in reaction 
*- 

l -. (2) 

; 

-*-. 
rate is due to further hydrolysis of aluminium ions 

I 

: 55- 
Table 2. Kinetic results for the determination of reaction 

,c 
order with respect to pH 

k ObS, 

set-’ x lo4 -log[H+] -log t, 

13.1 3.80 2.883 
31.9 4.20 2.496 

50 

t -= 

(1 I 61.9 4.50 2.208 
0 75.3 4.80 2.123 

A 
I I I 63.8 5.10 2.195 

0 12 36 60 13.1 5.45 2.883 

Time (set) Regression equation y = 7.52 - 1.15x [n = 4; r = 0.950 (the 

Fig. 2. First-order plots. [HNAMBH] = 20pM, [Al], PM: (1) 
first four points)]. [A13+] = 4.8pcM, [HNAMBH] = 

0.50; (2) 1.00; (3) 1.50. Other conditions as in procedure. 
33ptM, T = 25”, ionic strength = 0.02M NaCI, 40% ace- 
tone. 
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Table 3. Analytical results for aqueous aluminium solutions 

Initial 
slope, 

see-’ x 10’ 

5.0 
14 
26 
35 
41 

16 
43 
16 

121 
151 

39 
79 

121 
164 
201 

[Aluminium], p M 

Taken Found* 

Range A 
0.020 0.019 
0.040 0.038 
0.060 0.065 
0.080 0.082 
0.100 0.096 

Range B 
0.20 0.22 
0.40 0.38 
0.60 0.57 
0.80 0.83 
1.00 1.00 

Range C 
2.00 2.05 
4.00 3.95 
6.00 5.97 
8.00 7.99 

10.00 10.03 

Relative 
error, 

% 

-5.0 
-5.0 

8.3 
2.5 

-4.0 
Mean 5.0 

10.0 
-5.0 
-5.0 

3.7 
0 

Mean 4.7 

2.5 
- 1.3 
-0.5 
-0.1 

0.3 
Mean 0.9 

*Mean of 2 runs. 
Regression equations: 

Range A y = -0.037 + 4.71x, (n = 5, r = 0.994). 
Range B y = -0.225 + 1.74x, (n = 5, r = 0.996). 
Range C y = -0.040 +0.21x, (n = 5, r = 0.999). 

Tfme 

Fig. 3. Typical recorded kinetic curves. [Al], pLM: (1) 0.20; 
(2) 0.40; (3) 0.60; (4) 0.80 and (5) 1.00. Other conditions as 

in procedure. 

and probably a new chromogenic complex is formed, 
of the type A1(HNAMBH),.7 

Effect of ionic strength. The rate of the reaction is 
independent of ionic strength over the range 
0.050.30M sodium perchlorate in the optimum pH 
range. This provides evidence that one of the reacting 
species should be uncharged, namely H,R. 

Effect of temperature. The reaction rate has a mean 
temperature coefficient of about 14 f 3%/deg over 
the range 27-41.5”. From an Arrhenius plot the 
activation energy was found to be 19 kcal/mole and 
the pre-exponential factor 5.4 x IO”. The large acti- 
vation energy and hence the large temperature vari- 
ation, is both disadvantageous, because strict tem- 
perature control is needed, and advantageous in 
analytical applications, because the sensitivity of the 
reaction could be increased by increasing the tem- 
perature. 

Analytical applications 

The initial reaction rate under pseudo first-order 
experimental conditions is linear with respect 

to aluminium concentration in the range 
0.020-O.lOOpM (range A), 0.20-l.OOpM (range B) 
and 2.0-lO.OpM (range C). Figure 3 shows typical 
recorded kinetic curves. Results for the determination 
of aluminium in pure aqueous solution are given in 
Table 3. They indicate that aluminium in the range 
0.020-10$14 (0.54270 ng/ml) can be determined 
with a mean relative error of about 3.7%. The 

Table 4. Effect of foreign ions on aluminium determination 
at a concentration of l.OW (27 r&ml) 

Foreign 
ion 

Group A 
Sc(II1) 
Ga(II1) 

Group B 
Fe(I1) 
Fe(II1) 
Y (III) 
Cu(I1) 
U (VI) 
co (II) 
Ni (II) 
Th(IY) 
Sr (II) 

Added as 

Tolerance 
molar ratio 
[Io4/Wl 

sc20s* 6.7 
Ga(N0,),.8H,O 6.7 

(NH,),Fe(SG& .6H@ 0.6 
Fe(NO,),.9H,O 0.6 

Y*G3* 0.6 
CuC1,.2H,O 1.0 
UO,(NO,), .6H,O 1.0 
C0(C10~),~6H,0 3.3 
NiS04.6H,0 10.0 
Th(C10,),.H20 33.0 
Sr(NO,), 67.0 

Group A: these ions in the stated ratio caused an error of 
about +5%. 

Grow B: these ions in the stated ratio caused an error of 
about -5%. 

*The oxides were dissolved in concentrated hydrochloric 
acid. 
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linearity of the method covers the range 
0.020-lO.OpLM. The sensitivity of the method can be 
increased by increasing the temperature. 

Five replicate determinations at each of the 0.020, 
0.20 and 2.0@4 aluminium levels had relative stan- 
dard deviations of 5.4, 4.4 and 4.0% respectively. 

interferences 

Table 4 summarizes the effects of interfering ions. 
Scandium and gallium cause positive errors, whereas 
the other ions investigated cause negative errors. It 
seems that all the ions examined form complexes with 
the reagent, but the tolerance levels for some ions are 
lower in the kinetic method than in the equilibrium 
method.6 Scandium reacts 300 times faster with 
HNAMBH than aluminium does. The possibility of 
developing a differential simultaneous kinetic method 
for the determination of scandium and aluminium in 
aqueous mixtures and real samples is being examined. 

Acknowledgements-This paper is dedicated to the memory 
of the late Professor Konstantin P. Stolyarov, State Univer- 
sity of Leningrad. P. C. Ioannou is grateful to Dr. Nikolai 

N. Grigoriev, State University of Leningrad, for introducing 
her to the interesting field of fluorescence spectropho- 
tometry. 

REFERENCES 

1. R. B. Singh, P. Jain and R. P. Singh, Talanta, 1982, 29, 
77. 

2. Fluorescence Applications, Perkin-Elmer Ltd, Buck- 
inghamshire, England. 

3. Fluorimetry Reviews, Turner Associates, Palo Alto, 
California, 1967. 

4. A. V. Dolgorev, N. N. Pavlova and V. A. Ershova, 
Zavodrk. Lab., 1973, 39, 658; Anal. Abstr., 1974, 26, 
777. 

5. A. V. Dolgorev, N. S. Sivak, T. I. Pal’nikova and L. M. 
Gurevich, J. Anal. Chem. U.S.S.R., 1979, 34, 83. 

6. A. V. Dolgorev, Yu. A. Serikov and V. L. Zolotavin, 
ibid., 1978, 33, 1809. 

7. P. C. Ioannou, I. 0. Kushumova, N. N. Grigoriev and 
K. P. Stolyarov, Probl. Sovrem Anal. Chem. (U.S.S.R.), 
1981, 3, 79. 

8. K. P. Stolyarov, N. N. Grigoriev, P. C. Ioannou, D. B. 
Gladiliovitsh, N. V. Grishenko, B. M. Kondrationok, 
ibid., 1981, 3, 73. 

9. F. Secco and M. Venturini, Inorg. Chem., 1975, 14, 
1978. 



Talanta, Vol. 31, No. 4, pp. 259-263, 1984 
Printed in Great Britain. All rights reserved 

0039-9140/84 $3.00 + 0.00 
Copyright 0 1984 Pergamon Press Ltd 

ANALYTICAL CHARACTERIZATION 
OF CuInS, SEMICONDUCTOR MATERIAL 

C. F. HUNG, P. Y. CHEN, L. Y. WENG, H. L. HUANG 
and M. H. YANG* 

National Tsing Hua University, Hsinchu, Taiwan 300, People’s Republic of China 

(Received 10 September 1982. Revised 3 November 1983. Accepted 12 November 1983) 

Stunmary-Systematic analytical procedures have been developed for determination of the stoichiometry 
of CuInS, and estimation of trace elements, including dopants and impurities, in the material. Samples 
of CuInS, are digested in an oxidizing acid to ensure completely transformation into Cu2+, In)+ and SO:- 
ions. The stoichiometry determination is made sequentially by controlled potential electro-deposition of 
copper, followed by its EDTA titration, titrimetric determination of indium and gravimetric determination 
of sulphate, in a single sample solution. The relative errors for the determination of Cu and In are found 
to be -0.08% and +O.ll% respectively, fulfilling the requirement for accurate stoichiometry assessment; 
that for S is -0.66x, which though rather high is still acceptable. For the determination of trace elements 
in CuInS,, multistage combined procedures are employed. Cu in the sample solution is removed by 
electro-deposition and In by extraction of HInBr, with isopropyl ether, then most of the trace elements 
are finally determined by atomic-absorption spectrometry, and the rest by neutron-activation analysis. All 
the steps involved in the procedures have been optimized by using radioisotopes as tracers. By the 
procedures developed, a wide range of trace elements in Cub&, down to submicrogram level, can be 
determined. 

Copper indium sulphide (CuInS,) is an important 
ternary semiconductor material.’ As with other semi- 
conductors, determination of the stoichiometry of 
this compound is important to avoid crystal defects.2 
Equally important is the absence, or control at the 
nanogram level, of certain trace elements which can 
seriously affect the electrical, optical and other phys- 
ical properties.3 

The analytical approaches chosen by us were 
largely dictated by the limited amount of sample 
available, consisting of single crystals or thin films of 
CuIn&. By necessity, the methods therefore had to be 
suitable for the determination of all three elements in 
the same sample portion. We chose the following 
approach. After dissolution of the sample in concen- 
trated nitric acid under pressure, copper is removed 
by electro-deposition, then dissolved in nitric acid 
and titrated with EDTA at pH 2.3-2.5. The electro- 
lyte from the copper determination is treated with 
hydrochloric acid to expel nitric acid, then indium is 
titrated with EDTA under the same conductors as for 
copper. After titration of the indium, sulphate is 
precipitated and finally weighed as barium sulphate. 

The trace elements are mainly determined by flame 
atomic-absorption spectrometry (AAS), and some by 
neutron-activation analysis (NAA) after sequential 
removal of copper either electrolytically or by precip- 
itation with thioacetamide, and indium by extraction 
with isopropyl ether from 5% hydrobromic acid or 
6M hydrochloric acid medium. We used radiotracer 
techniques to check and optimize the recovery of the 

*To whom correspondence should be addressed. 

trace elements concerned throughout the separation 
procedure. 

EXPERIMENTAL 

Reagents and radiotracers 

Reagent grade chemicals were used throughout. Stock 
analyte solutions (0.1%) were prepared, and diluted to give 
the other standard solutions used. The water used through- 
out the stoichiometry analysis was prepared by single 
distillation followed by passage through a demineralizer. 
For the trace analysis, the water was further distilled in a 
two-stage quartz distillation apparatus (Berghof, West Ger- 
many) and the acids (nitric and hydrochloric) in a sub- 
boiling quartz distillation apparatus (Becher, West Ger- 
many). 

The radiotracer solutions (65Zn, aCu, S6Mn, etc.) were 
obtained by irradiating appropriate salts in the Swimming 
Pool Reactor of the National Tsing Hua University (1 MW 
power, flux lOI n . crnm2. set- ‘), followed by dissolution and 
adjustment to a suitable medium composition. The radio- 
tracer 2’0Pb was purchased from the Radiochemical Centre, 
Amersham, England. 

Apparatus 

A Berghof pressure digestion system, with a IO-ml PTFE 
liner, was used for decomposition of the CuInS, samples. 

Two radioactivity counting systems were used: one was a 
multichannel y-ray spectrophotometer comprising a 
4096-channel pulse-height analyser coupled with a Hewlett- 
Packard 2116 C Basic Computer, and a 43-cm3 Ge(Li) 
detector (ORTEC). The other was a NaI(T1) y-scintillation 
counter (ORTEC). The choice of system depended on 
whether one nuclide was to be determined or several, and 
on the counting efficiency required. 

Atomic-absorption spectrometry was done with an In- 
strumentation Laboratory 257 unit with a flame furnace. 

A Hilger and Watts spectrometer, digital Model H 
1620/H 1621, was also used. 
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The controlled potential electro-deposition system consis- 
ted of a 30-ml lucite electrolysis cell (with two platinum 
electrodes, each of 6.3 cm2 area, and one calomel reference 
electrode), a potentiostat and d.c. power supply, and a 
magnetic stirrer. 

Procedures 
CuInS, stoichiometry. A portion of powder or crystal 

samples weighing Xl-100 mg is heated for 2 hr at loo” in a 
PTFE-lined oressure bomb with 5 ml of concentrated nitric 
acid. The sohrtion is evaporated to expel the excess of acid 
and diluted to 20 ml. copper is then electroplated on a 
olatinum electrode for 100 min at -0.5 V vs. SCE. The 
copper deposited is dissolved with 2ml of concentrated 
nitric acid, and after dilution with water to 20 ml, the 
solution is adjusted to pH 2.3-2.5 with ammonia solution 
and the copper is titrated with O.OlM EDTA with PAN as 
indicator. 

The copper-free electrolyte is heated with three successive 
5-ml portions of ~ncen~ated hydrochlo~c acid to expel the 
nitric acid, the pH is adjusted to 2.3-2.5 with ammonia 
solution and the indium is titrated with O.OlM EDTA, with 
Cu-PAN as indicator. 

After titration of the indium, the sulphate is precipitated 
with barium chloride solution. The barium sulphate is 
filtered off, washed, ignited at 950” for 5 hr, cooled and 
weighed.“ 

~eterm~ut~o~ 0s trace elements in CuinS2. Another Sam- 
nle oortion (50-lOOma) is dissolved in nitric acid and 
copper removed electro&&cally as above. The electrolyte is 
evaporated to dryness, and 3 ml of 544 hydrobromic acid 
are added, followed by extraction of the indium with two 
portions of di-isopropyl ether (total volume 5ml). The 
organic phase is discarded. The aqueous phase is evaporated 
to dryness and taken up in 0.1 M nitric acid. Cd, Co, Sb, Ca, 
Mg, Ni, Mn, Pb and Zn are determined in this solution by 
flame AAS, and P is determined by conversion into Molyb- 
denum Blue, and spectrophotometry at 840nm. The sensi- 
tivity of the Cd, Co, Mn, Ni, Pb and Zn determinations can 
be increased by extracting these elements at pH 4.5 with 5 ml 
of 0.1% ammonium pyrrolidine dithiocarbamate (APDC) 
solution into 5 ml of chloroform and determination by 
neutron-activation analysis (NAA). Elements such as Ag 
and Ha which are co-devosited with Cu are dissolved off the 
electrode with 2 ml of 6-M nitric acid, and then subjected to 
neutron irradiation. The irradiated sample is set aside for 1 
week to allow the decay of %t, and finally measured by 
gamma-spectrometry. 

In an alternative procedure, some trace elements (Ga, Tl 
and Fe) are directly extracted from 6M hydrochloric acid 
medium with di-isopropyl ether after evaporation of the 
copper-free electrolyte to dryness. AAS is used to determine 
the elements thus isolated. 

DISCUSSION 

CuInS, has the chalcopyrite structure and a high 
melting point.5 It is only sparingly soluble in 
hydrofluoric, hydrochloric or nitric acid but is readily 
decomposed by heating with nitric acid under pres- 
sure, about 5 ml being sutficient for 100mg of 
CuInS,. Hydrochloric acid cannot be used because 
part of the sulphur would be lost as hydrogen sul- 
phide. Nitric acid has the advantage that it oxidizes 
the sulphur in the sample to sulphate, which can then 
be precipitated as barium sulphate. Nitric acid also 
provides the proper medium for electro-deposition of 
the copper and oxidation of trace elements such as 
Fe, Sb and TI to their higher oxidation states. 
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Stoichiometry of CuInS, 

Determination of copper. Electra-deposition was 
finally chosen for the separation of copper because of 
its high selectivity. Preliminary tests were made, to 
verify that this procedure is applicable to the limited 
sample weights available for analysis. From the cur- 
rent vs. cathode-potential curve it was found that a 
cathode-potential maintained at about -0.5 V vs. 
SCE., was optimal for the deposition. The amount of 
copper remaining in the electrolyte was determined 
by extraction with diethyldithiocarbamate into 
chloroform and spectrophotometric measurement at 
435 nm.6 It was established that 100 min of electrol- 
ysis time is ample to reduce the copper content to 
below 30 pg. 

~eter~~~tio~ of ~~. The solution left after the 
electrolysis is well suited for the determination of 
indium by titration with EDTA. We have found that 
a direct EDTA titration of indium in the presence of 
copper is not feasible. Such a method, applied in 
alkaline medium, with potassium cyanide as masking 
agent, has been described,’ but we always obtained 
low results (from - 3 to - 5% error) when we applied 
this procedure to CuInS,. In our opinion this is 
possibly due to partial interaction of In(II1) with 
excess of cyanide, and this method is suitable only 
when copper is present as a minor constituent of the 
sample. 

~eter~i~t~o~ of ~~hur. The dete~ination of 
sulphur in the solution remaining after the titration 
of indium, while not as precise as that of copper and 
indium, is adequate and is being used by us in routine 
analysis. 

An alternative based on the evolution of hydrogen 
sulphide is under investigation, and the initial results 
look encouraging. 

Results for determination of copper, indium and 
sulphur in simulated samples by the scheme outlined 
above are given in Table 1. They show good 
precision and accuracy for copper and indium. The 

Table 1. Accuracy and precision tests for the determination 
of Cu, In and S in a simulated sample solution 

Element 

Mean Relative 
relative std. 

Found, Error, error, devn., 
(amount) mg 

26.18 

w % % 
-0.02 

26.22 co.02 
Cu (26.20 mg) 26.18 -0.02 -0.1 0.1 

26.15 -0.05 
26.17 -0.03 

47.42 
47.31 

In (47.37 mg) 47.15 
47.50 
47.44 

+ 0.05 
-0.06 
+0.08 +0.1 0.2 
f0.13 
+0.07 

26.25 -0.20 

S (26.45 mg) 26.16 -0.29 26.23 -0.22 -0.7 0.9 

26.42 -0.03 
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Table 2. Typical analytical results of stoichiometry for CuInS, samples 
from different synthetic batches 

Measured amount, mg 

Sample Cu In s 

1 25.67 46.73 28.04 
2 26.18 48.34 26.30 
3 25.86 48.22 26.40 
4 26.17 48.22 25.80 

Atomic proportions 

cu In S 

1.000 1.007 2.17 
1.000 1.022 2.00 
1 .oOO 1.032 2.03 
1.000 1.019 1.96 

somewhat greater errors observed in the sulphur 
results can be largely attributed to the limited quan- 
tity of sample available for analysis and to an effect 
of the In-EDTA complex on quantitative precip- 
itation of barium sulphate. When the proposed pro- 
cedure was applied to actual samples of CuInS,, the 
results reported in Table 2 were obtained. 

The correlation of stoichiometry with physical 
properties will be discussed sometime in the future. 

Determination of trace elements in CuInS, 

In the determination of trace elements in metal 
samples, the detectability and accuracy obtainable by 
direct instrumental techniques will in most cases be 
seriously affected by matrix effects. To determine the 
trace elements in CuInS, sensitively and accurately, 
special efforts must be made to develop and optimize 
the analytical procedures, involving first the elimi- 
nation of copper and indium, and then determination 
of the isolated trace elements by instrumental meth- 
ods. The efficiency of isolation of the trace elements 
was mainly estimated by using radioisotopes as trac- 
ers. 

Removal of copper. Since the proposed procedure 
involves the electro-deposition of copper, it was 
necessary to determine the extent, if any, of co- 

Table 3. Retention of various elements in the 
electrolytic solution after controlled cathode- 
potential electro-deposition of Cu 

(E, = -0.5 V vs. SCE) 

Retention in 
electrolytic 

Taken, solution, 
Element K? % 

Zn(I1) 10,000 99 
100 100 

5.5 99 
Pb(I1) 20 85 
CW) 100 99 

50 100 
WII) 5 98 
Ga(II1) 600 100 

50 99 
Co(I1) 0.5 98 
Ni(I1) 1000 98 

50 96 
Mn(I1) 0.5 98 
SbO 50 98 
Hg(II) 6 3 
Ag(I) 120 2 
Mo(V1) 20 100 
P(V) 30 99 

deposition of trace elements expected to occur in 
CuInS,. This information is provided in Table 3. As 
would be expected, silver and mercury are quan- 
titatively deposited with the copper. Gold was not 
considered in this study because it remains insoluble 
when a sample of CuInS, is dissolved in nitric acid. 
An alternative method for removal of copper, by 
precipitation with thioacetamide in hydrochloric acid 
medium,8 was also investigated. Table 4 shows the 
retention of various elements in solution when CuS is 
precipitated with thioacetamide at 90”. 

Comparison of the two copper-removal techniques 
indicates that the CuS precipitation is simpler and 
less time-consuming but gives poorer decon- 
tamination of copper and greater chance of intro- 
duction of impurities. We therefore prefer the electro- 
deposition method. It must be realized, however, that 
some elements such as Ag, Hg, and probably Pd are 
co-deposited with copper and hence cannot be deter- 
mined by this procedure without modification (see 
Table 3). 

Removal of indium. Indium must be removed be- 
fore the final determination of trace elements. We 
prefer the ion-association extraction of indium with 
di-isopropyl ether from 5M hydrobromic acid to 
extraction of indium chelate complexes9,‘0 (which are 
all pH-dependent). 

In addition to In(III), Tl(II1) is also quantitatively 
extracted with di-isopropyl ether, while As(III), 
Ga(III), Fe(III), Sn(IV) and Sb(V) are partially ex- 
tracted.” Table 5 gives the results of tests to establish 

Table 4. Retention of elements in solution after precip- 
itation of CuS with thioacetamide 

Retention in 
solution, % 

Content, 
Element LQr 3M HCl SM HCl 

Co(I1) 50 95 95 
5 95 95 

Cr(V1) 50 98 98 
Ga(II1) 600 93 94 

50 94 95 
Mn(I1) 93 99 99 

9.3 99 99 
0.93 97 98 

Pb(I1) 20 96 95 
Zn(I1) 50 97 92 
Ni(I1) 50 96 96 
Fe(II1) 60 96 97 

Amounts of elements in 30 ml of HCl solution: 
Cu2+ = 26.2 mg, In)+ = 43.7 mg and SO:- = 79.4 mg. 
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Table 5. Retention of trace elements in 5M 
HBr after solvent extraction with di-isopropyl 

ether 

Content, Retention in 
Element &? HBr, % 

Zn(II) 20 99 
9 95 

Co(H) 6 99 
Cd(I1) 5 99 
Mn(II) 5 99 
Ni(I1) 50 99 
As(V) 5 31 
Pb(II) 4 98 
Sb(V) 5 98 
Mo(VI) 10 49 
Ga(III) 10 71 
Fe(III) 100 1 
Tl(III) 10 1 
In(III) 10,000 0.2 

Volume ratio: Aqueous phase 15 ml/organic 
phase 5ml. 

the degree of the retention of trace elements in the 
aqueous phase after extraction with di-isopropyl 
ether. About 99.8% of the indium is extracted. More 
than one extraction may be required to reduce the 
indium in the aqueous phase to a level suitable for 
AAS determination of the Ca, Cd, Co, Mg, Mn, Ni, 
Pb and Zn. P is determined spectrophotometrically 
after conversion into Molybdenum Blue. If the final 
measurement of the trace element is to be based on 
neutron activation, species such as Na+, Br- and 
SOi- which form interfering nuclides (24Na, *2Br and 
32P) must also be removed. This can be achieved by 
APDC-chloroform extraction, thus allowing the de- 
termination of a group of trace elements such as Co, 
Cd, Mn, Ni and Zn. The data in Table 5 also indicate 
that important trace elements, such as Ga, Tl, Fe and 
MO, are either partially or completely extracted into 
di-isopropyl ether. Also of interest is the extraction of 
some trace elements into di-isopropyl ether from 6M 
hydrochloric acid, with indium left in the aqueous 
phase.12,13 Tests done with the help of tracers have 
indicated that Ga, Tl and Fe are extracted with yields 
ranging from 86 to 98x, but MO is extracted poorly. 

By use of both these extraction procedures, from 
hydrobromic and hydrochloric acid media, a wide 
range of elements can be determined. The two 
schemes do not cover Ag and Hg, which are co- 
deposited with Cu, but these elements can be deter- 

mined by neutron activation. After irradiation, the 
sample is allowed to stand until the 64Cu (half-life 
12.7 hr) has completely decayed. The trace elements 
of interest can then be determined by measuring the 
characteristic gamma peaks of the nuclides with 
half-lives greater than that of 64Cu. The suggested 
extraction procedure is not suited for the deter- 
mination of As, MO and possibly some other ele- 
ments not covered by this investigation. 

In the multistage procedures outlined above, the 
blank values for Ag, Sb, Co and Zn are in the range 
l-10 rig/g while those for Hg, Cd, Mn, Pb and Ni are 
of the order of 10-100 rig/g.. Sources of the blanks are 
presumably impurities in the reagents, the apparatus, 
and the laboratory surfaces and air, all of which 
should be meticulously controlled. The limit of de- 
tection of the elements listed is estimated to be in the 
range of 10-100 rig/g,, based on the criterion 
Xs = X, + 3crs where X, and X, are the values of the 
sample signal and the mean blank signal respectively, 
and err, is the standard deviation of the mean blank 
value.14 

Table 6 gives typical results obtained for trace 
elements in the form of impurities and dopants in 
actual samples of CuInS,. The limit of detection and 
the relative standard deviation for triplicate analysis 
of each element are indicated. The reliability of the 
analytical data have been checked for some elements 
(Co, Cd, Zn and P) by the method of standard 
additions. 
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Summary-A fairly sensitive and selective method for rapid determination of tracer amounts of 
molybdenum(V) as mixed-ligand complexes with thiocyanate and 4-unsubstituted-5-pyrazolones is 
described. The red complexes are extractable into chloroform from 1-5M hydrochloric or perchloric acid 
or 1-3M sulphuric acid media. The molar absorptivities are in the range 1.72-2.15 x lo4 l.mole-‘.cm-’ 
at 455 nm (J._). The method has been applied to the estimation of molybdenum in various synthetic and 
alloy-steel samples. In presence of excess of the reagent, Cu(II), Co(B), Mn(II), Fe(II), Fe(III), Al(III), 
Cr(III), Crf,VI), Ti(III), Ti(IV), Zr(IV), Hf(IV), V(III), V(IV), V(V), Nb(V), Ta(V), W(VI) and U(V1) do 
not interfere. 

Since Braun’s work’ in 1863 on the use of thiocyanate 
for the determination of molybdenum, a considerable 
literature has appeared on the subject. Much of it 
concerns improved methods of reducing Mo(V1) to 
MO(V)“” prior to determination, as well as for- 
mation of mixed-ligand complexes of molybdenum 
with thiocyanate and 0-, N- or S-containing 
complexants “-” to enhance sensitivity and selectivity. 
Spectrophotometric methods based on the use of 
these systems suffer from various difficulties, includ- 
ing the poor availability and low purity of many of 
the complexants. 

In our search for various analytical uses of 
5-pyrazolones we have found 2,3-dimethyl-l- 
phenylpyrazol-5-one (HDMPP), A, commonly 
known as antipyrine, and 3-methyl-l-phenylpyrazol- 
5-one (HMPP), B, most promising as simple and 
selective reagents for the determination of trace 
amounts of molybdenum in presence of thiocyanate. 
The reagents are easy to prepare pure and are com- 
mercially available, and the method is fairly sensitive 
and rapid. 

/ \, n \ 
M(“\N/ ---O N\N/C-o 

I I 
Ph Ph 

A, HDMPP B, HMPP 

*Author to whom correspondence should be addressed. 

Reagents 

EXPERIMENTAL 

All reagents and solvents used were of analytical grade. 
All aqueous solutions were prepared with distilled and 
demineralized water. 

Standard molybdenum(VI) solution. Prepared by dis- 
solving 0.1840 g of ammonium heptamolybdate tetra- 
hydrate in water and standardized by the oxine method.” 
The working solution was prepared by appropriate dilution. 

HDMPP and HMPP solutions. Prepared as 1% solutions 
in chloroform. 

Ammonium thiocyanate and ascorbic acid solutions. 
Freshly prepared as 20% and 10% solutions respectively. 

Procedure 

To about 3 ml of solution containing l-90 ng of MO(W) 
add 2 ml each of the ammonium thiocyanate and ascorbic 
acid solutions and of IOM hydrochloric or sulphuric acid. 
Dilute to 10 ml with distilled water and shake with 10 ml 
of either HDMPP or HMPP solution for 2 min. Separate the 
organic layer, dry it for 2 min over anhydrous sodium 
sulphate (1 g) and measure its absorbance at 455 nm against 
a reagent blank. 

Procedure for steel analysis 

Dissolve 0.1 g of steel sample in a few ml of aqua regiu 
and evaporate the solution to dryness. Heat the residue with 
3 ml of concentrated sulphuric acid until fuming; repeat this 
step twice and then heat to fumes with 3 ml of concentrated 
perchloric acid. Cool and take up the salts in 10 ml of 1M 
hydrochloric acid. Add 1 g of ammonium oxalate to mask 
any interference from V(V), U(V1) and W(VI) and make up 
accurately to 100 ml with distilled water. Determine molyb- 
denum in a suitable aliquot, as already described. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorption spectra of the metal chelates, li- 
gands and the Mo-SCN complex extracted into 
chloroform from 1M hydrochloric acid are shown in 

265 
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Fig. 1. Absorption spectra. lJICl] 2M; [SCN] 4%; [ascorbic acid] 2%; (O-0-C) MO-SCN-DMPP 
complex; (@--@--0) Mo-SCN-MPP complex; (+-0-O) Mo-SCN-complex; (~---&-~) 1% 

HMPP: (V-V-V) 1% HDMPP. 

Fig. I. The spectra of the chelates are similar, with 
maxima at 455 nm and about 350 nm. The absorption 
at 455 nm is the higher and is therefore used for the 
determination. The reagents and the Mo-SCN com- 
plex have negligible absorption at this wavelength. 

Choice of solvmt and reducing agent 

Chloroform, carbon tetrachloride, benzene, tolu- 
ene and methyl isobutyl ketone (MIBK) were tried as 
solvents. The reagents are readily soluble in chloro- 
form and MIBK but dissolve with difficulty in the 
rest. MIBK, however, developed an undesirable col- 
our by reaction with thiocyanate, and this interfered 
with the dete~nation. Chloroform showed high 
extractibihty and its solution gave the highest absorb- 
ance for the metal chelates; hence it was chosen as 
solvent. Ascorbic acid has been shown’0,‘7 to have 
advantages as a reducing agent in molybdenum deter- 
minations involving thiocyanate. The effect of vari- 
ation in the amount of ascorbic acid was examined by 
using the recommended procedure with the acid 
concentration varied in the range l-10% with 4 pg of 
molybdenum. Maximum colour development and 
extraction were observed over the concentration 
range 1.52.7%. Outside this range the absorbance 
decreased considerably. A concentration of 2.0”/, was 
chosen as the final ascorbic acid concentration in the 
solution to be extracted. 

Effect of other variables 

The effect of variation in the HMPP and HDMPP 
concentraiion was examined in the range 0.1-10x. 

Complete extraction was obtained with concen- 
trations above lx, without variation in absorbance. 
Hence 1% was selected as a convenient concen- 
tration. The effect of variation in thiocyanate concen- 
tration was examined similarly and it was found that 
the range 3.45.0% was necessary for complete recov- 
ery of moIy~enum. A total thi~yanate concen- 
tration of 4.0% in the solution to be extracted was 
chosen. 

The acidity of the aqueous phase was system- 
atically varied with hydrochloric, sulphuric and 
perchloric acids. The optimum acidity ranges for 
HDMPP were I-5M hydr~hlo~c or perchloric acid, 
and l-3&2 sulphuric acid, and for HMPP l-3.5M 
hydrochloric or sulphuric acid, and l-2M perchloric 
acid. Within these ranges the same values of A,,, and 
molar absorptivity were obtained. Acid concen- 
trations above these ranges decreased the extraction 
efficiency because of increased miscibility of chloro- 
form with the aqueous phase, and below these ranges 
colour development was either slow or incomplete. 
Hence 2M hydrochloric or sulphuric acid was pre- 
fered for ease of manipulation and increased select- 
ivity. Nitric acid gave no colour development but 
fumes of nitric oxide were evolved, probably owing to 
its redox reaction with ascorbic acid. 

Preliminary tests indicated that a shaking time of 
2 min was suficient for quantitative extraction of 
molybdenum. Variations in temperature from 18 to 
40” and in volume of the aqueous phase from 5 to 40 
ml had no effect on the absorbance and extraction 
efficiency. Stability of the colour was studied at room 
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Table 1. Effect of diverse ions on the determination of 4 ppm 
__ of MO(W) with thiocyanate and HDMPP 

Tolerance Tolerance 
Ion limit,* Ion limit,* 

added mglml added mglml 
Pb(II) 5 Hf(IV) 3 
Mn(I1) 5 V(Iv) 
Ni(I1) 1 V(V) :+ 
Fe(E) 2.5 WV) 
Cu(II) 5 Ta(v) 225 
Zn(I1) 5 Cr(V1) 2t 
Co(B) WVI) 
V(III) 22t WVI) z; 
Cr(II1) 2 EDTA 8 
Fe(W) 2.5 F- 3 
Al(II1) 5 Cl- 6 
La(II1) 5 NO; 1 
Bi(III) 1.5 ClO; 6 
Ti(IV) 1 FQ- 4 
WIV) 3 so:- I 
Zr(IV) 4 c,o:- 6 

*Average of 5 determinations, < 1% error. 
tin presence of 1% ammonium oxalate. 

temperature (about 25”). Maximum absorbance was 
obtained within 1 min after extraction and remained 
constant for at least 3 days. The order of addition of 
the reagents was not critical. 

Calibration range, sensitivity and precision 

The calibration graph is linear over the range 0.1-9 
ppm of MO with an optimal working range of 0.3-6 
ppm (Ringbom plot). At 455 nm, the molar absorp- 
tivities of the metal-DMPP-SCN and metal- 
MPP-SCN chelates in chloroform are 2.15 x lo4 and 
1.72 x lo4 l.mole-’ .cn-‘. The relative standard 
deviation (twelve determinations of 4 ppm MO) is 
0.9% with both reagents. 

Effect of diverse ions 

The effect of some ions, particularly those associ- 
ated with molybdenum ores and alloy steels, in the 
determination of 4 ppm of molybdenum by the 
recommended procedure, was examined. Chloride, 
bromide, sulphate, phosphate, chlorate, oxalate and 

alkali metals in up to SJOO-fold amount, alkaline- 
earth metals and fluoride up to 3000-fold amount, 
and nitrate up to lOOO-fold amount (relative to 
molybdenum) do not interfere. The tolerance limits 
for other ions are given in Table 1. 

Composition of the complex 

Job’s method and the mole-ratio method indicated 
a mole ratio of 1:2:1 for Mo:thiocyanate:HDMPP 
or HMPP. The species extracted are probably 
MoO(SCN),(DMPP) and MoO(SCN),(MPP), in 
which the deprotonated ketonic form of the pyr- 
azolone (as a carbanion) co-ordinates to the metal 
through the 5-keto oxygen atom and the carbon atom 
at the Cposition, which has previously lost an active 
hydrogen atom. Thus a carbon-metal bond is 
formed, conferring increased stability on the 
Cmembered chelate ring, as expected of such or- 
ganometallic compounds. This is probably why the 
colour is stable for many days. 

Applications 

The recommended procedure was tested with syn- 
thetic solutions and two British Chemical Standard 
steels. Results for analysis of the alloy steels were 
0.15-0.16% for BCS 325 (certified value 0.16%) and 
0.22-0.24x for BCS 320 (certified value 0.22%). The 
relative standard deviations for six replicates were 
0.8% and 1.1% respectively. Results of analysis of the 
synthetic solutions are given in Table 2. 
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Summary-A functional resin for the collection of selenium(W) has been prepared simply by the con- 
version of a common ion-exchange resin with bismuthiol-II which has three functional properties, 
namely the capabilities of selective reaction with selenium(IV), ion-exchange reaction with ion-exchange 
resin and strong physical sorption to the ion-exchange resin matrix. The binding ratio of selenium(W) 
to bismuthiol-II on the resin was confirmed to be 1:4. The reaction was represented as follows: 
4RSH + H,SeO,+ R-S-Se-S-R + R-S-S-R + 3H,O. Highly selective sorption of selenium(IV) was 
achieved, based on the formation of stable ~lenot~s~phide on the resin. ~lenium(I~ sorbed on 
bismu~ol-II resin was eluted effectively with 8-13M nitric acid or some thiols, such as cysteine and 
penicillarnine. In the cases of thiols, the elution of selenium was found to be also based on the formation 
of selenotrisulphide, and the bismuthiol-II resin was regenerated. Satisfactory results were obtained when 
this resin was applied to the determination of selenium(IV) in river, estuarine or sea water samples. 

The development of a simple method for the selective 
collection of trace amounts of selenium in environ- 
mental and biological material has been attempted by 
the use of a common ion-exchange resin loaded with 
a reagent which has three important analytical prop- 
erties: selective reaction with selenium(IV), an ion- 
exchange reaction with the resin, and strong physical 
adsorption on the resin. We have found that sele- 
nium(IV) can be collected on an anion-exchange resin 
loaded with azothiopyrine disulphonic acid,’ but the 
method is not satisfactory for low selenium levels. 
The selenium is collected by means of its reaction 
with the thiol group of ~othiop~ne d~sulphonic 
acid to form a ~lenot~sulphide. We have now found 
that bismuthiol-II (Fig. 1) also forms a stable seleno- 
trisulphide and can be used for making a functional 
resin for selective collection of selenium(IV), even at 
trace levels. This bismuthiol-II resin is suitable for 
analysis of environmental samples. 

Fig. 1. Bismuthiol-II. 

EXPE~~AL 

Apparatus 
Absorption spectra in the ultraviolet and visible regions 

were measured with a Hitachi 330 spectrophotometer. A 
Shimadzu RF-500 spectrofluorophotometer was used for 
the fluorometric determination of selenium(IV) with 
2,3diaminonaph~a1ene (DAN). Metai ions were deter- 
mined by atomic-ablation spectrometry with a Shimadzu 
AA-630-01 atomic-absorption spectrophotometer. 

Reagents 
Amberlite IRA-400 (8% divinylbenzene) in the chloride 

form, 100-200 mesh, was used as the anion-exchange resin. 
The exchange capacity of the resin was found to be 3.2 meq 
per g of air-dried resin. Bismu~ol-II and DL-peni~ll~ne 
were obtained from Dojindo Laboratories and Sigmna 
Chemicals CO., respectively. All other reagents used were of 
analytical grade quality. 

Preparation of bismuthiol-11 resin 
The anion-exchange resin was added to an aqueous 

solution of bismut~ol-II and the mixture was shaken at 30” 
for 60 min. The resin loaded with bismuthiol-II was filtered 
off, washed with water and methanol, and dried, stored in 
a refrigerator, and vacuumdried before use. The amount of 
bismuthiol-II in the supematant solution was found by 
absorbance measurement at 335 nm, for determination of 
the exchange capacity. 

269 



210 MORIO NAKAYAMA ef af. 

Determination of amount of chloride ion released in ion- 
exchange reaction 

One g of the anion-exchange resin was shaken for 12 hr 
with 50 ml of solution containing bismuthioI-II (0. 1, 0.2,0.4 
and 1 .O mmole). Twenty-five ml of the solution were titrated 
with standard silver nitrate solution for determination of 
chloride. 

Determination of bismuthiol-II released by sodium chloride 

A 50-mg portion of resin, loaded with various amounts 
of bismuthiol-II (0.2,0.4 and 1.0 mmole/g), was shaken for 
24 hr with 5 ml of sodium chloride solution (0.1, 0.5 and 
1 .OM) in a test-tube. The amount of bismuthiol-II released 
was determined by measurement of the absorbance at 335 
nm and pH 5. 

Binding-capacity for selenium(W) 

Resin, 50 mg, loaded with various amounts of bismuthiol- 
II (0.2,0.4,0.6 and 1.0 ~ole/g) was shaken with an excess 
of ~leni~(I~. The hydrochloric acid ~n~tration of this 
sample solution was idjusted by addition of 5M hydro- 
chloric acid, before it was shaken with the resin. The 
amount of selenium(IV) left in the solution was determined 
fluorometrically. The resin with O.Zmmole/g bismuthiol-II 
loading was used to determine the binding ratio of sele- 
nium(W) to bismuthiol-II by the molar ratio method. 

Collection of selenium and the efect of metal ions at 
various pIZ values 

Bismuthiol-II resin (0.2 mmole/g, 100 mg) was shaken for 
5 hr with 50 ml of 2-mg/l. solutions of copper( man- 
ganese(II), chromium(W), iron(III), zinc(II) and sele- 
nium(IV), adjusted to the desired pH with acetate buffer and 
hydrochloric acid. The ionic strength was maintained at 0.5 
by addition of 5M sodium chloride. The resin was then 
filtered off on a f&ted-glass funnel, and an appropriate 
volume of the filtrate was taken for the determination of 
selenium(IV) and metal ions by fluorometry and atomic- 
absorption spectrometry, respectively. 

Sorption isotherm 

Bismuthiol-II resin (0.2mmole/g, 100 mg) was shaken 
with 50 ml of 0.3M hyd~chlo~c acid containing known 
amounts of selenium(W), for 5 hr at 30”. After equi- 
libration, an aliquot of the solution was analysed for 
selenium(IV) by fluorometry. 

Elution of selenium(IV) sorbed on bismuihioi-II resin 

Method I. Bismuthiol-II resin (0.2 mmole/g, 200 mg) was 
shaken with SO ml of 0.3&f hydrochloric acid containing 100 
pg of selenium(I~, for 5 hr at 30”. The resin, which 
completely sorbed the selenium(IV), was packed in a glass 
tube (7 mm bore). Selenium was eluted with 20 ml of 6-13M 
nitric acid. An aliquot of eluate was analysed for sele- 
nium(IV) by fluorometry after adjustment to pH 1 with 
ammonia solution. 

Method II. Bismuthiol-II resin (0.2 mmole/g, 100 or 200 
ma) was shaken with 50 ml of 0.3M hydr~hlo~c acid 
containing 100 or 500 pg of selenium(W); for 5 hr at 30”. 
The resin (which completely sorbed the selenium) was 
oacked in a glass tube (7 mm bore). The eluent under test, 
20 ml, was passed through the column at a flow-rate of 1.0 
mlimin. and the column was washed with SO ml of distilled 
demineralized water. Then 20 ml of 1OM nitric acid were 
passed through the column, and the amount of selenium(IV) 
eluted was dete~ned. The recovery shown in Table 2 was 
derived by subtracting the amount of selenium eluted with 
nitric acid from that sorbed on the resin. 

Absorption spectrum of the solution after elation of selenium 
with penicillamine 

Selenium(IV), 0.01 mmole, was sorbed completely on 500 
mg of 0.2-mmole/g bismuthiol-II resin, and the resin was 

filtered off and air-dried, then shaken with 40 ml of 0.01~44 
penicillamine solution at pH 5. After 3 hr, the absorption 
spectrum of the solution was measured. 

ColIe~tion of sele~iurn~IV~ by colon operation 

The column (1.0 cm bore) was packed with O.Zmole/g 
bismuthiol-II resin to a height of 5.0 cm and washed with 
100 ml of distilled demineralized water, then IO-mg/l. sele- 
nium(IV) solution in 0.3M hydrochloric acid was passed 
through the column at a flow-rate of 1.0 ml/min. The 
amount of selenium(IV) in the effluent was determined by 
fluorometry. The resin was washed with 50 ml of distilled 
de~nerali~ water, then eluted with 0. 1M ~~~llamine at 
pH 5 (flow-rate 1.0 ml/min) and washed with 50 ml of 
distilled demineralized water. Ater this elution cycle, 
IO-mg/l. selenium(IV) solution in 0.3M hydrochloric acid 
was again passed through the column to reuse the 
bismuthiol-II resin. 

CoIlection of trace amount of selenium(IV) 

After addition of 1.0 and 0.1-1.0 @g of ~l~iurn(I~ to 
500 ml of 0.4M sodium chloride and 1 litre of pure water 
respectively, the solutions were treated as in the column 
operation just described. The selenium eluted with O.lM 
penicillamine was determined fluorometrically after di- 
gestion with perchloric acid-nitric acid or nitric 
acid-hydrochloric acid-hydrogen peroxide mixture. 

Application of bismuthioi-II resin to the collection of trace 
amounts of selenium(IV) from environmental water samples 

The water samples were filtered (Whatman GF/C, 
4.7cm) immediately after they were taken. Concentrated 
hydrochloric acid was added to the fresh sample to make 
the acid concentration O.SM and this solution was applied 
to a l-cm bore column packed with the resin, which was 
loaded with 0.2 or 0.4 mmole of bismut~ol-II per g, to 
aive a resin bed 5.0 or 10.0 cm in he&t. Selenium collected 
on the column was eluted with 20 ml of O.lM penicillamine 
or 0.05M cysteine (0.1&f in hydrochloric acid) at a 
flow-rate of 1.0 ml/min. Selenium in the eluate was 
determined by fluorometry after acid digestion. 

RESULTS AND DISCUSSION 

Conversion of the anion-exchange resin into 
bismuthiol-II resin 

The anion-exchange resin could be converted into 
bismu~ioi-II resin simply by mixing it with an 
aqueous solution of bismuthiol-II. The exchange- 
capacity for bismuthiol-II was found to be 3.1 mmole 
per g of resin, which is comparable with that for 
chloride, 3.2 mmole/g. The time required for loading 
of the resin was dependent on the amount of reagent 
to be immobilized. Loading of 50% of saturation 
took 30 min. The 0.2-mmole/g bismut~ol-II resin, 
which required only 5 min for preparation, was 
mainly used. When bismuthiol-II was reacted with 
the anion-exchange resin in the chloride form, the 
ratio of chloride released to bismuthiol-II sorbed was 
about 1, indicating that bismuthiol-II is bound to the 
resin by an ion-exchange m~hanism. 

Bismut~ol-II was found to be retained on the 
resin, even when the resin was exposed to 0. 1 , 0.5 and 
l.OM sodium chloride, as shown in Table 1, particu- 
larly at low loading. The strong immobilization of 
bismuthiol-II on the resin must therefore be due to 
some physical interaction besides simple ion- 
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Table 1. Bismuthiol-II released with sodium chloride 

Bismuthiol-II released, % 

Eluent 0.2 mmoleie of resin 0.4 mmoleig of resin 1.0 mmoleia of resin 

0.1M NaCl 0.26 0.32 0.54 
OSM NaCl 0.68 0.77 1.50 
1 .OM NaCl 0.83 1.09 2.18 

Batch operation: bismuthiol-II resin 50 mg; eluent 5 ml; shaking time 24 hr. 

exchange. Some chelating agents, such as dithi- 
zonesulphonic acid,’ azothiopyrinesulphonic acid’ 
and some formazansulphonic acids4 have been found 
to be bound to anion-exchange resin through their 
sulphonic acid group, and also strongly sorbed on the 
resin by some physical interaction. The use of these 
reagents is more advantageous than that of 
8-hydroxyquinoline-5-sulphonic acid, which leaks 
considerably to the solution in the presence of chlo- 
ride ion, on account of weaker physical sorption.5,6 In 
bismuthiol-II, which does not have a sulphonic acid 
or carboxylic acid group, but is strongly sorbed on 
the ion-exchange resin, the thiolate anion is consid- 
ered to act as the ion-exchange group, but after 
immobilization of the reagent on the resin by physical 
interaction, the thiol group is able to react with 
selenium(IV) in acid medium, The terfunctional 
property of bismuthiol-II is thus explained. 

Colfec~io~ of sele~ju~(r~) with b~~u~h~ol-~I resin 

The binding-capacity of bismuthiol-II resin for 
selenium(IV) in 0.5M hydrochloric acid is shown in 
Fig. 2. The time required for 50% uptake of sele- 
nium(IV) was less than 20 min. After the sorption of 
~Ie~~~V) had reached ~~lib~~, no turbidity 
due to release of elemental selenium was observed in 
the supernatant liquid, and the colour of the resin 
changed from light brown to pale yellow. The 
binding-capacity for selenium(IV) increased linearly 
with increase of the amount of bismuthiol-II on the 
resin. The reacting ratio of selenium{IV) to 
bismut~ol-II was found to be appro~mately 1:4 
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Fig. 2. Binding-capacity of bismuthiol-II resin for sele- 
nium(IV). 

under the conditions used, as shown in Fig. 3, which 
corresponds to the ratio in the reaction of sele- 
nium(IV) with bismuthiol-II in solution.6 

The collection of selenium(IV) was complete at pH 
below 2, as shown in Fig. 4. Selenite is not sorbed on 
the resin itself under these conditions, so the sorption 
on the bismut~ol-II resin can be attributed to for- 
mation of selenotrisulphide according to equation 
(1). The optimum pH range for the collection of 
selenium(IV) agreed with that for the complete ex- 
traction of the selenium-bismuthiol-II complex into 
chloroform,7 The reactions of selenium(IV) with 
some thiols have been expressed as equation (l), 
although the assumed reaction product (seleno- 
trisulphide) has not been fully characterized, and 

s I 
I 
I 

I I I I 
0 025 050 075 100 

Se(W) added I btsmuthiol-II on the resm 

Fig. 3. Binding ratio of ~leni~(I~ to bismut~oi-II loaded 
on the resin; bismuthiol-II 0.2 mmole/g of resin. 

HCI (M) PH 

Fig. 4. Collection of seJenium(IV) and metal ions. 0 
selenium(IV); 0 iron(III); 9 zinc(II); 0 copper( A 

chromium(V1); x manganese(I1). 
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in most cases is referred to as unstable.* 

4RSH + H, SeO,+ R-S-Se-S-R + R-S-S-R 
+ 3Hz0 (1) 

R = free form of bismuthiol-II 

The collection of copper( manganeseHI), chro- 
mium(VI), iron(III), zinc(I1) and selenium(IV) by 
bismuthiol-II resin at various pH values is shown in 
Fig. 4. 

At pH below 2, the collection of selenium(IV) is 
complete, whereas that of the metal ions is low, 
except for copper(I1). The collection of selenium(IV) 
from strongly acid medium indicates the high select- 
ivity of this reaction. 

Sorption isotherms for selenium(IV) in 0.3M hy- 
drochloric acid with and without OSM sodium chlo- 
ride were almost identical, and the maximum uptake 
was practically independent of the selenium concen- 
tration from 0.001 to about 2 mg/l. Thus the 
bismuthiol-II resin should be effective for collection 
of selenium(IV) at very low concentration even from 
strongly saline samples such as estuarine water and 
sea-water. Selenium(W), another important form of 
selenium, did not react with bismuthiol-II resin under 
the experimental conditions of this study. 

E&ion of selenium 

There are two possibilities for the elution: 

(resin-bismuthiol-II-selenium)+(resin) 
+ bismuthiol-II + selenium (method I) 

(resin-bismuthiol-II-selenium) 
-+(resin-bismuthiol-II) + selenium (method 11) 

Table 2. Elution of selenium from bismuthiol-II resin by 
method II 

where the species in parentheses are in the solid state. 
Selenium sorbed on bismuthiol-II resin was about 
93% eluted with 8813M nitric acid by method I. The 
eluate, which contains selenium(W), can be analysed 
directly by fluorometry after adjustment to pH 1 with 
ammonia solution. The high recovery indicates that 
the collection of selenium(W) was essentially quan- 
titative. The recovery of selenium(IV) decreased by 
only about 4% if the selenium(IV) was left on the 
resin for 23 days before elution, indicating that if 
selenotrisulphide is formed from bismuthiol-II on the 
resin, it is unusually stable, and that the resin is 
valuable for use in field work. 

Various reagents were tried as eluents (Table 2). 
Cysteine and penicillamine were found to be best. 
Sodium borohydride also gives high recovery, but is 
not suitable because it forms bubbles in the column. 

i- 
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HCI (M) PH 
Fig. 5. Elution of selenium from bismuthiol-II resin with 
penicillamine and cysteine (method II). Bismuthiol-II resin 
200 mg (0.2 mmole/g). Selenium sorbed 500 pg. Eluting 
agent: -O-- O.lM penicillamine, -O-- 0.05M cysteine. 

Eluent Recovery, % 

O.OlM KMnO, 0.0 
O.lM KMnO, 3.3 

0.1M I, 0.0 
O.lM KIO, 0.0 

3% H,O, 3.6 

O.lM NaBH, 
OlM Ascorbic acid 
O.lM Na,S,O, 
O.lM SnCl, in O.lM H,SO, 

87.1 
0.0 

15.3 
35.7 

O.lM thiourea 19.6 
O.lM thiourea in O.lM HCl 8.8 
OSM thiourea 27.3 
1 .OM thiourea 32.7 

0.05M cysteine 98.4 
O.OlM cysteine 86.5 
O.lM cysteine in O.lM HCl 94.6 
0.1 M cysteine at pH 4 95.1 
0.1 M cysteine at pH 7 75.1 
0.2M cysteine 79.4 

0.05M penicillamine 88.4 
0.1 M penicillamine 98.2 
0.2M penicillamine 98.1 

Bismuthiol-II resin 100 mg (0.2 mmole/g of resin); selenium 
sorbed 100 pg. 

300 

Wavelength (nm) 

Fig. 6. Absorption spectrum of the solution after elution of 
selenium with penicillamine. - After elution of 0.01 
mmole of selenium from bismuthiol-II resin with 40 ml of 
O.OlM penicillamine at pH 5; ----- solution of 0.01 mmole 
of selenium in 40 ml of O.OlM nenicillamine at nH 5, 

concentration of selenium 2.5 x 10m4M. . 
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500 

Effluent volume (ml) 

Fig. 7. Break-through curves for selenium(IV). Bismuthiol-II resin: (I) -O- 0.2 mmole/g, (II) ...a... 
regenerated with O.lM penicillamine at pH 5. Resin column 10 x 50 mm. Concentration of selenium(W) 

in the sample solution 10 mg/l., in 0.3M hydrochloric acid. Flow-rate 40 ml/hr. 

As shown in Fig. 5, penicillamine can be used over a 
wider pH range than cysteine. When cysteine was 
used, a slight red turbidity appeared if the eluate was 
allowed to stand for a week, but this did not occur 
with penicillamine, so the selenotrisulphide formed 
with penicillamine is presumably more stable than 
that formed with cysteine. When 0.01 mmole of 
selenium was eluted with O.OlM penicillamine at 
pH 5 by batch operation, the absorption spectrum of 
the eluate (Fig. 6) was almost identical with that of 
a solution of 0.01 mmole of selenium in O.OlM 
penicillamine at pH 5. The reaction-ratio of penicil- 
lamine to selenium(IV) at pH 5 was found to be 4: 1 
by the molar-ratio method and absorbance mon- 
itoring at 260 nm. This result indicates that sele- 
nium(IV) reacts with penicillamine in the same way 
as with bismuthiol-II [equation (l)]. This conclusion 
is supported by the results of a “Se nuclear magnetic 
resonance study, which will be reported elsewhere. 

The recovery of selenium(IV) and the regeneration 
of bismuthiol-II resin were investigated by column 
operation. The break-through curve is shown in 
Fig. 7. When the bismuthiol-II resin was repeatedly 

used and recovered, similar break-through curves 
were obtained and the concentration of selenium in 
the effluent up to the break-through point was found 
to be constantly below 1 pg/l. 

Application of bismuthiol-ZZ resin to the collection of 
selenium(ZV) from environmental water samples 

Bismuthiol-II resin exhibits advantageous features 
in the selective collection and elution of selenium(IV). 
The recovery of selenium(IV) from 0.4M sodium 
chloride is consistently about 95% irrespective of 
eluent flow-rate from 1 .O to 7.5 ml/min. The recovery 
from distilled water is also about 95% over the range 
from 0.1 to 1 .O pg/l. The collection of selenium from 
river, estuarine and sea water by bismuthiol-II resin 
was examined. Table 3 shows typical results and a 
comparision result for one sample, by co- 
precipitation with tellurium.9 We have studied exten- 
sively the amount and chemical form of selenium in 
the water of the coast of Nagoya City, which is one 
of the leading industrial areas in Japan. The results 
will be reported in detail elsewhere. The values ob- 

Table 3. Determination of selenium(IV) in environmental water 
SamDIes 

Sample 

Ise Bay (Nagoya Harbor), Nagoya, Aichi 
August, 1983 

Se(IV), pgcgll. 

0.060 

Ise Bay (Nogoya Harbor), Nagoya, Aichi 
August, 1983 

0.061* 

Ise Bay (Nagoya Harbor), Nagoya, Aichi 
December, 1982 

0.063 

Shirakawa River, Kokai, Kumamoto 
October, 1982 

0.075 

Shirakawa River, Kokai, Kumamoto 
March, 1983 

0.099 

Amakusa Basin, Matsushima, Kumamoto 
November, 1982 

0.016 

*Value obtained by co-precipitation with tellurium.9 



214 MORIO NAKAYAMA et al. 

tained were comparable with those obtained by the 
tellurium co-precipitation method for samples from 
other places.’ 

In conclusion, this method for collection of sele- 
nium(IV) is advantageous in its selectivity and sim- 
plicity, and the stability of the reaction product on 
the resin. It is also useful for preconcentration prior 
to fluorometric determination (the currently most 

widely used method for the determination of sele- 

nium). 
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Summary-Simple hardware for conversion from BCD into binary code is described. The device is of 
low cost, performs a 16-bit conversion in a maximum time of 400 nsec, and is able to output tbe converted 
number to either an 8-bit or a 16bit data bus. An example of the software necessary to perform data 
acquisition from a digital voltmeter by using this converter is also presented. 

Electronic instruments such as pH-meters, automatic 
burettes, voltmeters and automatic balances, which 
have wide utilization in a chemical laboratory, are 
usually able to supply two kinds of output: one is the 
digital display that can be read by the user for manual 
data collection, the other is a digital output whereby 
the data are coded in an electrical signal tram so that 
they can be utilized for high-speed automatic data 
collection. 

The latter kind of output provides the user with a 
more efficient utilization of such instruments, once 
they have been interfaced with a logic processor 
spanning from a simple microprocessor for data- 
logging to a multiuser-multitask minicomputer for 
complete instrumentation control.’ 

For reasons of design simplicity and standard- 
ization the most common code used for the digital 
output from electronic instruments is the one known 
as BCD (Binary Coded Decimal),* which uses four 
bits for each digit of the decimal number of interest, 
despite the two significant inconveniences that this 
code presents. 

First, the BCD code is not compact, and requires 
appreciably more bits than the corresponding binary 
representation. The saving made by use of binary 
coding increases with the number of digits, but we 
shall limit the discussion to 5-digit numbers, since 
larger numbers are unlikely to occur in instrumental 
analysis. 

Secondly, when a number transmitted from the 
instrumentation must be handled by the computer, it 
is necessary to translate the BCD datum into a binary 
datum, since computers operate with binary arith- 
metic. This could be done by using a software routine 
called into use each time a datum is stored, but a 
routine of this kind, which depends on the logical 
processor used, would be different for each specific 
circumstance and might be difficult for an experi- 
menter to write and would certainly be inefficient in 
the use of computer time and resources. 

To overcome both difficulties, we propose a hard- 
ware code-converter interface that is simple to build 
and to use, and is based on a low cost IC, the 
SN74184,3 that could fill a gap existing at present in 
the commercial market. 

An example is also given of the software necessary 
to control a device of this kind in order to carry out 
data-acquisition from a digital voltmeter. 

HARDWARE 

Figure 1 shows a diagram of the circuit and the power 
supply. The I-kR resistors on the output pins are used to 
pull the open collector output to TTL level. 

The algorithm used for the conversion3 can be outlined as 
follows. Save the last bit of the input word as the least 
significant bit of the converted word; divide the bits left into 
four-bit decades; examine each of these decades and sub- 
tract 3 from those containing a binary number larger than 
7; save the new last bit of the resultant word as the next least 
significant bit and continue the process until the last decade 
left contains a binary number smaller than 8; save these bits 
as the three most significant bits of the converted word. 

Considering that each SN74184 is only able to handle six 
bits at a time, to implement the algorithm it is necessary to 
cascade a number of these chips in a combination of series 
and parallel connections (obviously dictated by the initial 
number to be converted). 

As already said, numbers with more than five digits are 
not taken into consideration, but a further limitation to 
numbers between 0 and 65535 will be made, because these 
can be represented by ldbit binary numbers. Hence nine- 
teen SN74184 circuits are necessary. 

The 16bit binary numbers can be transferred in two 
ways, depending on the I/O port available on the processor. 

With fairly inexpensive personal computers the I/O port 
for parallel communications is usually able to accept only 
eight data lines, but with more sophisticated (and more 
expensive) computers the I/O port capability easily increases 
up to sixteen or more bits. 

To cope with both possibilities, the sixteen bits forming 
the converted word can be multiplexed on an I-bit or a 
16-bit bus by using two SN74298s.4 

The SN74298s are in fact able to control the transfer of 
eight input lines to four output lines by using two logical 
signals. When the word select (WS) line is kept low the first 
four bits are transferred to the output at the negative edge 
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INPUT 0- 65535 

5 4 2 

74164 
b 

Cl -19 
I 

I GND Ii-L Cl4 I I I Cl5 I I I I , J 

Cl6 Cl7 

1111 I 
0 

I 

0.5 A 

Fig. 1. Schematic diagram of circuit and power supply for the BCD-binary converter. 

of the clock line (CK); when the WS is kept high the second Figure 2 shows the two protocols to be used in the case 
four bits are again transferred at the negative-going transi- of a 2-byte transfer or of a complete word transfer. The 
tion of CK while the output remains latched at the levels different timing takes into account the delay introduced by 
entered with the last negative transition of CK. each circuit. 
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E.O.C. 

CK 
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0 I 1, 

I \\ 
II- 

CK 
0 
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20 
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(B) e 400 e 

Fig. 2. Transfer time diagrams for (A) I-bit transfer, (B) 16-bit transfer. Time intervals between events 
are in nsec and represent the minimum required for reliable operation. 

The maximum delay introduced by each SN74184 is 40 
nsec; for the eight least significant bits the total delay can 
be as high as 200 nsec, owing to the five levels of conversion 
involved for these bits. After 200 nsec, the first CK transi- 
tion can be applied, the WS being at low level. 

As the propagation delay for the SN74298 is 32 nsec, after 
232 nsec the least significant byte of the converted number 
is ready to be loaded. 

The most significant byte is correctly converted after 400 
nsec (ten levels involved) and is then ready to be loaded after 
a total of at most 432 nsec from the beginning of the 
BCD-binary conversion. 

Since the microcomputers now on the market can ac- 
knowledge an external event in about 1 psec, the operation 
performed by this kind of BCD-binary converter is com- 
pletely transparent to the software program which manages 
the data acquisition. 

Thus the logic of the program will be simpler and the data 
will be gathered more rapidly, at a rate depending only on 
the speed at which the instrumentation can supply the data. 

SOFI’WARE 

We shall now describe an example of a rather complex 
utilization of this converter, from which simpler applica- 
tions can easily be derived. 

To gather data from a calorimetric apparatus used in our 

laboratory, a Solartron A203 digital voltameter with 4; 
digits of resolution (f 19999) was interfaced to an HP 
2 1 MX computer. 

The data had to be sampled from four different sources 
by means of an analogue multiplexer, in temporal sequences 
specified by the characteristics of the kind of experiment 
performed. 

For this purpose a main program written in HP FOR- 
TRAN manages the procedures, each time specifying the 
channel to be sampled, the number of samples to be drawn, 
the time between each sample, the data storage area, and the 
kind of bus to be used for the data transfer, in this case 
always a 16bit bus. 

Each time a data acquisition has to be made, control IS 
transferred to an Assembler subroutine (ACQl) by a CALL 
SUBROUTINE statement. Once this task has been done 
control is returned to the main program, which processes 
the data gathered or performs another data acquisition. 
Figure 3 shows the flow chart for the routine ACQl. This 
routine initializes the counters for the number of samples 
and the number of clock intervals between samplings, 
programs the clock interval length at 1 msec, selects the 
multiplexer channel for the analogue signal of interest, 
enables the routines to handle the interrupts and finally 
sends the start conversion command to the voltmeter ACD 
and the start command to the clock. 

At this point it checks whether the required number of 
samples has been accumulated. If so, it disables the clock 
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FROM 
FORTRAN 
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COUNTERS 8 INTERRUPT 

INTERRUPT 
REQUEST/GRANT 2 

/J 

( ACOLE ‘, 

DISABLE 
VOLTMETER ACQUISITION 

Ef CLOCK 

INTERRUPT 
REQUEST/GRANT 1 

TIME-COUNTER 

TIME COUNT 

Fig. 3. Flow-chart diagram of the external Assembler routine ACQl for data acquisition from FORTRAN 
main program. 

and the DVM converter in order to return to the MAIN 
program; otherwise, the “check” becomes a loop which 
stands waiting for the interrupt signals coming from the 
clock (time-tick marks) and from the ADC (DVM end of 
conversion) each being handled by the opportune service 
routine, the TIME routine and the ACQLE routine re- 
spectively. 

Whenever the time routine is invoked, it increments in a 
counter the number of clock-tick marks and re-enables the 
clock interrupt control to its “ready” condition for the next 
interrupt. 

The ACQLE routine, activated by the ADC interrupts, 
loads the voltmeter output (as a BCD-to-binary converted 
number), a sign bit and a 3-bit scale number. It then checks 
whether the time so far elapsed, i.e., the time between the 
start and the end of the conversion, is less than the stated 
interval between two samplings. If so, it continues looping 
until enough time has passed. When the time reaches the 
value fixed by the operator, or if the time employed by the 
ADC conversion has been longer than the interval fixed 
between two samplings, the routine stores the time-counter 
value. This is necessary to check whether the DVM con- 
version has taken more time than the interval-between- 
sampling specified, for instance if a change of scale were to 
be performed by the DVM. Then it sets the time-counter at 
zero, starts a new DVM conversion, and proceeds to convert 
the binary loaded datum to a floating-point format and 
store it ready to be used for the following data treatments. 
It then increments the counter for the number of samples 

and returns to the ACQl point where it was when the 
interrupt occurred. 

It should be noted that the last operations described for 
the ACQLE, in particular the conversion from the fixed to 
the floating point with 97 psec as maximum execution time, 
can be performed during the time required by the DVM for 
a conversion, without creating any recursivity in the normal 
program flow, if this conversion time is at least - 150 psec. 

The ACQl routine managed data acquisition at the 
maximum speed for the DVM used, i.e., 10 points per 
second, but it could work with a faster DVM up to a speed 
of 7000 points per second. 

The listings for the routines ACQl, ACQLE and TIME 
in HP Assembler are available from the authors upon 
request. 
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SummPry-The use of 1,4-dihydroxyanthraquinone as an acid-base indicator in isopropyl alcohol 
medium is proposed. The acid dissociation constants of the indicator in isopropyl alcohol solution are 
pK,, = 12.95 f 0.03 and pK,, = 15.96 + 0.07. The sharpness of the indicator transition is described by 
means of complementary chromaticity parameters. The indicator is used for determination of weak 
organic acids, with errors of less than 1%. 

At present, there is considerable interest in a search 
for non-aqueous solvents convenient for the titration 
of weak acids, because such acids show serious 
conjugation problems in slightly acidic solvents such 
as acetonitrile, sulpholane and nitromethane. 

It is known that several hydroxyanthraquinones’-3 
are suitable as neutralization indicators in aqueous 
solutions. It was considered useful to study one of 
them, 1,4-dihydroxyanthraquinone (quinizarin) as an 
acid-base indicator in isopropyl alcohol medium, 
because, in water, it gives a clear colour change at 
high pH, and because isopropyl alcohol is a solvent 
that has good solvation properties, a relatively large 
dielectric constant (a = 19.9) and weak acidic and 
basic characteristics (Km = 10-22.0)U and is hence a 
good solvent for titration of weak organic acids.7-9 

The work involved the spectrophotometric study 
of quinizarin in isopropyl alcohol, the determination 
of its ultraviolet-visible spectra in different media, 
and spectrophotometric determination of its dis- 
sociation constants and colour-change intervals, to- 
gether with the study of its analytical applications. 

The colours of the limiting forms of the indicator 
transition are described in terms of the com- 
plementary chromaticity system proposed by Reilley 
et uI.‘~J’ The dissociation constants are recalculated 
from the complementary chromaticity parameters 
and comments are made on the quality of the colour 
change. 

EXPERIMENTAL 

Apparatus 

A Beckman Acta M-VII spectrophotometer and a Radio- 
meter pa-meter with glass and calomel electrodes were 
used. The calomel electrode was filled with a saturated 
solution of potassium chloride in methanol, and a salt 
bridge containing a saturated solution of tetramethyl- 
ammonium chloride in isopropyl alcohol was used. 

Reagents 

1,4-Dihydroxyanthraquinone (Merck) solution, 4.37 x 
10-41U. 

Isopropyl alcohol (Koch-Light, analytical grade, 0.1% 
H20). 

Tetrabutylammonium hydroxide (TBAH) (Merck). A 
0.1 A4 solution in isopropyl alcohol/methanol (4: 1 v/v). 

Buffer solutions in isopropyl alcohol. Prepared according 
to Aleksandrov et aLI from mixtures of O.OlM Verona1 and 
O.OlM potassium hydroxide. 

Determination of standard potential 

The glass electrode was calibrated as described by 
Kolthoff et al.” with mixtures of picric acid and tetra- 
butylammonium picrate, taking into account the incomplete 
dissociation of the acid (K = 1.84 x 10m4) and the salt 
(K = 1.1 x 10W3) in isopropyl alcohol in the concentration 
range used ( N 10m3M). The value obtained for the standard 
potential was -502 f 4 mV (vs. S.C.E. in methanol, as 
indicated above). It was shown that the liquid-junction 
potential of the system is significant only in strongly acid 
(pH < 4) or strongly basic (PH > 18) solutions and therefore 
it can be considered negligible in this work. 

Procedure 

The acid dissociation constants of quinizarin were deter- 
mined spectrophotometrically by standard procedures, as 
described by Albert and Serjeant.14 In the calculation, the 
formation of ion-pairs was not taken into account according 
to the considerations of Petrov et a1.,12 because of the low 
concentrations (lOmSM) of the solutions employed. 

The pH range of the colour change and its sharpness were 
evaluated by titrations of benzoic acid and Verona1 with 
0. 1M TBAH in isopropyl alcohol/methanol medium, mon- 
itored simultaneously by potentiometry and continuous 
measurement of the absorbance at 610,550 and 480 nm (the 
wavelengths of maximum absorption of the indicator). The 
titration solution was continuously circulated through the 
titration vessel and the spectrophotometer cuvette by a 
peristaltic pump. 

The complementary chromatic&y co-ordinates were de- 
termined by the weighted ordinate method, with absorbance 
readings between 380 and 700 nm, at IO-nm intervals. The 
evaluation was based on the CIE table of coefficients for 
standard illuminant C.” Diluted solutions (l/25 and l/10) 
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of the quinizarin stock solution were used, and the deter- Colour-change evaluation 
minations were made at intervals of approximately 0.2 pH 
units over the colour-change pH range. The dissociation The indicator colours are described by their com- 
constants of quinizarin were calculated from the com- plementary chromaticity co-ordinates, calculated by 
plementary chromaticity co-ordinates.“,“’ the weighted ordinate method, and by the “colour 

concentration”, J, which is the only concentration- 

RESULTS AND DISCUSSION dependent term. The values are given in Table 2. 
The plot of these values in the complementary 

Figure 1 shows the ultraviolet-visible absorption chromaticity diagram (Fig. 2) shows two linear seg- 
spectra of quinizarin in isopropyl alcohol at various ments that correspond to conversion of form (I) into 
pH values. The three forms I, II and III show (II), and of (II) into (III) respectively. The colour 
different colours: 

0 OH 
I II III 

yellow purple blue 

The dissociation constants obtained by the standard 
spectrophotometric methodI are reported in Table 1. 
Because of the high value of pKZ, the pure doubly 
dissociated form (III) is not reached during a ti- 
tration, so the colour change observed corresponds 
to conversion of quinizarin from its molecular form 
(I) (yellow) into a mixture of the singly dissociated 
01) and doubly dissociated (III) forms (blue purple). 

The visual colour-change interval in isopropyl al- 
cohol lies between pH 12.5 and 14.3. The photometric 
colour-change interval (the interval of maximum 
slope in the absorbance-pH curve) is 12.4-14.6. The 
agreement between the potentiometric, spectrophoto- 
metric and visual end-points was tested in a series of 
titrations, and the reversibility of the indicator was 
confirmed in the same way. 

330 4a3 500 600 700 
A 

Fig. 1. Absorption spectra of quinizarin. (I) Molecular 
form, (II) singly charged form, (III) doubly charged form. 

point corresponding to the singly charged form (II), 
which never exists alone because of the closeness of 
the two pK values, can be found on the com- 
plementary chromaticity diagram from the inter- 
section of the two linear segments. This colour point 
is used for evaluation of the pK values from the 
chromaticity parameters. 

The quality of the colour change at the end-point 
depends on the distance between the colour points for 
before and after the transition. However, the actual 
locations of the points in the diagram are also very 
important. It can be seen from Fig. 2 that the colour 

Table 1. Values of the dissociation constants of quinizarin, 
obtained by the standard method 

E(mV) A DK 

255 
256 
263 
264 
268 
270 
274 
278 
282 
285 
286 
298 
303 
309 

424 
432 
433 
435 
437 
439 
441 
447 

0.155 12.94 
0.160 12.93 
0.175 12.98 
0.187 12.93 
0.198 12.94 
0.209 12.92 
0.218 12.94 
0.227 12.96 
0.237 12.97 
0.245 12.98 
0.247 12.98 
0.278 12.98 
0.289 12.97 
0.305 12.92 

0.385 16.03 
0.419 15.99 
0.420 16.00 
0.433 15.97 
0.448 15.93 
0.457 15.92 
0.458 15.95 
0.490 15.89 

A, = 0.003 
A,, = 0.350 
I =550nm 

Mean pK, = 12.95 f 0.03 

A,, = 0.274 
A,,, = 0.630 
1 = 610 nm 

Mean pK, = 15.96 + 0.07 
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Table 2. Complementary chromaticity co-ordinates For the determination of the dissociation con- 
and colour concentration at various pH values stants, the expression 

PH Q QY J 

9.50 0.133 0.138 0.111 
10.44 0.135 0.145 0.112 
11.45 0.140 0.157 0.112 
11.97 0.159 0.187 0.115 
12.42 0.199 0.251 0.122 
12.80 0.253 0.339 0.132 
13.58 0.335 0.470 0.150 
15.05 0.370 0.509 0.161 
15.40 0.380 0.504 0.165 
15.53 0.385 0.503 0.167 
15.88 0.409 0.495 0.179 
16.02 0.419 0.492 0.185 
16.11 0.424 0.490 0.188 
16.28 0.433 0.485 0.195 
16.40 0.438 0.482 0.199 
16.49 0.440 0.479 0.202 
16.77 0.447 0.473 0.215 

pK = pH + log 
J, @r,b - Qr,m> 
J, (Q, - Q,,,) 1 

was used, where the subscripts a, b and m refer to the 
acid, basic and intermediate forms of the indicator, 
Q, symbolizes the complementary chromaticity co- 
ordinates (Q,, QY or QJ and J is the colour concen- 
tration. The advantage of the method is that it allows 
use of the colour-point co-ordinates of the singly 
charged form, which appears only in a very restricted 
pH range. Q, and QY can be determined from the 
chromaticity diagram and the J value at this point 
can be found from the intersection of the straight 
lines on the graph of QY J vs. Qx J” corresponding to 
the successive transitions. 

Qx Qy J 
molecular form (I) 0.133 0.139 0.111 
singly charged form (II) 0.360 0.514 0.155 
doubly charged form (III) 0.447 0.413 0.215 

The pK results obtained from the chromaticity 
co-ordinates agree with those found by using the 
standard method,14 as can be seen from Tables 1 and 

Finally, various acidic organic substances were 
titrated in isopropyl alcohol medium in order to 
evaluate the usefulness of quinizarin as a neutral- 
ization indicator. Some are of pharmacological inter- 
est, such as aromatic acids, aliphatic acids, aromatic 
heterocyclics, amino-acids and phenols. Amounts 
between 15 and 50 mg were taken and 5-10 deter- 
minations for each substance were made. The relative 
error was less than 1% in all cases. Table 4 shows the 
results obtained and the standard deviations (s). 

The J values refer to IO-mm path-length and a 
quinizarin concentration of 1.748 x 10-5M. 

points for forms (I) and (III) can be joined by a 
segment that passes through the grey point. This 
means that the indicator transition takes place be- 
tween complementary colours, a characteristic of the 
best visual indicator transitions. Also since both 
colour points are near the periphery of the chro- 
maticity diagram, the colours are bright, again char- 
acteristic of a good visual end-point. 

Acknowledgement-The authors thank Professor E. Casa- 
ssas for his helpful suggestions. 
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Fig. 2. Colour points in the complementary chromaticity diagram. 



282 J. BARBOSA et al. 

Table 3. Values of the dissociation constants of quinizarin from the complementary 
chromaticity parameters (A, quinizarin 1.748 x 10-5M; B, quinizarin concentration 

4.371 x lo-5M 

PH 

11.45 
11.97 
12.42 
12.80 
13.58 

PK, = 

11.47 
12.09 
12.42 
12.57 
12.75 
13.04 

PK, = 

PK, P& 
Qr=Q, Q,= Qy PH Q,=Q, Q, = Qy 

A 
13.09 12.87 15.40 
13.00 12.94 15.53 
12.95 12.93 15.88 
12.89 12.88 16.02 
12.82 12.85 16.11 

16.28 

12.95 f 0.14 

13.06 
12.98 
12.96 
12.97 
12.93 
12.90 

12.97 f 0.10 

12.89 + 0.05 P& = 

B 
12.89 15.51 
12.94 15.65 
12.93 15.91 
12.95 16.09 
12.91 16.17 
12.89 16.37 

12.92 f 0.03 PK, = 

16.07 16.04 
16.07 16.04 
15.91 16.09 
15.84 16.10 
15.81 16.11 
15.71 16.04 

15.90 + 0.20 16.07 + 0.04 

16.02 
16.04 
15.99 
15.93 
15.93 
15.91 

15.97 k 0.06 

Table 4. Titration of acids in isopropyl alcohol with O.lM TBAH in isopropyl 
alcohol/methanol 

Acid 
Error, Relative error, 

m.z % 

Aromatic acids Benzoic 0.0028 0.6 
o-Nitrobenzoic 0.0010 0.2 
Salicylic 0.0037 0.5 

Aliphatic acids Ascorbic 0.0020 0.3 
Chloroacetic 0.0015 0.2 
Pahnitic 0.0022 0.4 
Tartaric 0.0027 0.4 
Trifluoroacetic 0.0006 0.3 

Aminoacids Anthranilic 0.0028 0.7 
N-Methylanthranilic 0.0038 0.5 

Aromatic heterocycles 5,5-Diethylbarbituric 0.0014 0.3 
Nicotinic 0.0025 0.3 
Thiamylal 0.0032 0.7 

Phenols 2,CDinitrophenol 0.0038 0.5 
2,4,6-Trichlorophenol 0.0007 0.2 
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SHORT COMMUNICATIONS 

TITRIMETRIC DETERMINATION OF PHENOL 
RESORCINOL AND PHLOROGLUCINOL 

D. AMIN and W. A. BASIIR 
Department of Chemistry, College of Science, University of Mosul, Mosul, Iraq 

(Received 2 August 1983. Accepted 7 November 1983) 

Summary-A new and sensitive titrimetric method with an amplification procedure has been worked out 
for the determination of IO-1000 pg of phenol, resorcinol or phloroglucinol. The method is based on 
reaction of the phenols with an excess of bromine to form bromosubstituted aryl hypobromites. After 
removal of excess of bromine with formic acid, the hypobromites are treated with iodide to liberate an 
equivalent amount of iodine, which is extracted into chloroform, then reduced to iodide and determined 
by the Leipert procedure with &fold amplification. The coefficient of variation does not exceed 0.4% for 
amounts of determinand > 100 pg, but increases to 1.5% at the lo-pg level. 

Phenol can readily be brominated to tribromo- 
phenol,’ and with an excess of bromine the substi- 
tution goes further to tribromophenyl hypobromite, 
which, however, is decomposed by iodide to give 
tribromophenol and a corresponding amount of io- 
dine. Titrimetric methods for determination of resor- 
cinol have principally been based on iodometry.2d 
The bromate-bromide mixture used for deter- 
mination of resorcinol’ gives tribromo substitution. 
However, some of these methods are not sensitive, 
and others are tedious. Phloroglucinol has also been 
determined by treatment with excess of bromate- 
bromide mixture and iodometric determination of the 
surplu~,~ or by oxidation with excess of ceric sulphate 
and back-titration with iron( We have developed 
a new, simple, rapid and sensitive titrimetric method 
with an amplification procedure for the deter- 
mination of phenol, resorcinol and phloroglucinol, 
based on the reaction of these compounds with excess 
of bromine to form tribromoaryl hypobromites: 

The tribromoaryl hypobromites react with iodide to 
give the corresponding substituted tribromophenol 
and iodine, e.g., 

Br Br 

The iodine liberated is extracted with chloroform and 
reduced to iodide, then determined by iodometric 
titration of the iodate formed by the Leipert pro- 
cedure.’ 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical grade. Standard 
solutions (1 mg/ml) of phenol, resorcinol and phloroglucinol 
were prepared with distilled water. Less concentrated solu- 
tions were prepared by dilution. Sodium thiosulphate solu- 
tions, 0.01 and O.OOlN, were prepared and standardized 
against potassium iodate solutions of similar normality. 
Concentrated formic acid, bromine water (saturated), so- 
dium sulphite solution (lx), and potassium iodide solution 
(5%) were also prepared. 

Procedure 

Place the sample solution, containing l&l000 pg of 
phenol, resorcinol, or phloroglucinol, in a 50-ml separating 
funnel and dilute to 10 ml with distilled water. Add l-2 ml 
of bromine water, stopper the flask and shake it for 2 min. 
Destroy excess of bromine by shaking with 1 ml of formic 
acid for 1 min. Add 1 ml of 5% potassium iodide solution, 
shake for 1-2min, then extract the liberated iodine with 
three IO-ml portions of chloroform. Collect the extracts in 
another funnel and reduce the iodine to iodide by shaking 
with 10 ml of water containing 1 ml of 1% sodium sulphite 
solution. Transfer the aqueous layer, containing iodide, into 
a 50-ml conical flask, add 2 ml of bromine water, shake for 
3 min, and add 2ml of formic acid to remove excess of 
bromine. Add about 0.5 g of potassium iodide and titrate 
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Table 1. Accuracy and precision 

Compound 

Phenol 

Amount 
taken, 

&? 

10 
100 

1000 

Resorcinol 10 
100 

1000 

Phloroglucinol 10 
100 

1000 

Recovery, * 
% 

98.2 
99.6 
99.9 

98.4 
99.5 

100.0 

98.0 
99.2 
99.0 

R&D.,* 

% 

1.5 
0.3 
0.2 

1.1 
0.2 
0.1 

1.4 
0.4 
0.3 

*Mean of 5 determinations. 

the liberated iodine with O.OlN thiosulphate in the usual 
way, using starch as indicator. For low concentrations (less 
than 50 pg of determinand) use O.OOlN thiosulphate. Run a 
blank determination. 1 ml of O.OlN thiosulphate = 0.078 mg 
of phenol or 0.046 mg of resorcinol or 0.068 mg of phloro- 
glucinol. 

RESULTS AND DISCUSSION 

Preliminary studies confirmed that phenol, resor- 
cinol and phloroglucinol readily undergo bromin- 
ation to give the tribromo derivatives, and with a 
large excess of bromine, the substitution goes further 
to form the tribromophenyl hypobromite. Both OH 
groups in resorcinol undergo substitution, but in 

phloroglucinol only two of the three OH groups 
undergo substitution. This may be due to the intro- 
duction of two hypobromite groups decreasing the 
acidity of the third OH group sufficiently for it not 
to be converted into a hypobromite group. It was 
found that the bromination is fast, and complete 
within l-2 min. Reduction of the tribromophenyl 
hypobromite to the tribromophenol can be achieved 
with OS-l.0 ml of 5% potassium iodide solution. A 
larger excess of iodide hinders the extraction of iodine 
with chloroform (by tri-iodide formation); complete 
liberation of the iodine requires l-2 min. 

The working procedure finally developed has been 
applied successfully to the determination of quan- 
tities of phenol, resorcinol or phloroglucinol as low 
as 1Opg. Table 1 shows the accuracy and precision 
of the method. 
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Sununnry-The sluggish end-point in the non-aqueous titration of sulphacetamide sodium in glacial acetic 
acid can be improved by addition of acetic anhydride to the titration medium, and selective determination 
of sulphacetamide sodium in presence of phenylephrine hydrochloride in eye drops then becomes possible. 
A mixture of sulphacetamide sodium and the antihistamine drug phenyltoloxamine dihydrogen citrate can 
also be analysed. 

Titration of sulphonamide derivatives with standard 
perchloric acid in glacial acetic acid medium has been 
found to give low recoveries and a sluggish indicator 
colour-change.’ One way of circumventing such a 
difficulty is the use of back-titration.2 Addition of 
certain aprotic solvents, e.g., benzene, chloroform or 
carbon tetrachloride, to the glacial acetic acid me- 
dium in the back-titration has been found to improve 
the end-point detection3 but the procedure is time- 
consuming and tedious shaking is required during the 
titration. 

Addition of acetic anhydride to the glacial acetic 
acid medium has long been known4,5 to improve 
end-point detection in the non-aqueous titration of 
salts of weak acids. We have used this approach to 
improve the end-point detection in non-aqueous ti- 
trimetric determination of sulphacetamide sodium, 
alone or in admixture with allied drugs. 

EXPERIMENTAL 

Apparatus 

Titrimeter (Pye model 79) equipped with a combination 
electrode (Pye catalogue No. 401 E07) magnetic stirrer and 
IO-ml microburette. 

Reagents 

Perchloric acid (O.lM) in glacial acetic acid, 0.02% solu- 
tion of Gentian Violet in glacial acetic acid, 0.5% solution 
of C.I. Solvent Blue 19 indicator (Oracet Blue B indicator, 
Ciba) in glacial acetic acid, 0.2% Quinaldine Red indicator 
in a mixture of 90ml of acetic anhydride and 10ml of 
methanol, and a 5% solution of mercuric acetate in glacial 
acetic acid. 

Determination of sulphacetamide sodium 

An accurately weighed amount (3&9OOmg) of sul- 
phacetamide sodium or the residue left after evaporating 
a known volume of ophthalmic solution containing 
lOO-200mg of the drug was dissolved in 5 ml of glacial 
acetic acid and 25 ml of acetic anhydride in a IOO-ml beaker. 
The sample was dissolved by gentle heating, the solution 

was cooled and 1 or 2 drops of Gentian Violet, Solvent Blue 
19, or Quinaldine Red indicator solution were added. The 
solution was titrated potentiometrically with O.lM 
perchloric acid in glacial acetic acid, and the indicator 
colour-changes coinciding with the potentiometric end- 
points were noted: the changes were to blue, rose red, and 
colourless for Gentian Violet, Solvent Blue 19 and Quin- 
aldine Red respectively. 

Determinatipn in presence of phenylephrine hydrochloride 

Accurately weighed amounts of sulphacetamide sodium 
(250 mg) and phenylephrine hydrochloride (50 mg) were 
dissolved in 5 ml of glacial acetic acid and 25 ml of acetic 
anhydride; 5 ml of mercuric acetate solution were added and 
the solution was titrated as described above. 

Analysis of mixtures of sulphacetamide sodium and phenyl- 
toloxamine dihydrogen citrate 

Determination of total base. Accurately weighed amounts 
of sulphacetamide sodium (100.0 mg) and phenyltoloxamine 
dihydrogen citrate (100.0 mg) were dissolved in the glacial 
acetic acid-acetic anhydride mixture, and titrated without 
addition of mercuric acetate (A ml of O.lM titrant required). 

Determination of sulphacetamide. Accurately weighed 
amounts of sulphacetamide sodium (100.0 mg) and phenyl- 
toloxamine dihydrogen citrate (100.0 mg) were dissolved in 
5 ml of concentrated hydrochloric acid, and the sul- 
phacetamide sodium content was determined by titration 
with O.lM sodium nitrite solution according to the B.P. 
method6 (B ml). Then (A - B ml) represents the volume of 
O.lM perchloric acid equivalent to the phenyltoloxamine 
dihydrogen citrate. 

RESULTS AND DISCUSSION 

The curve for potentiometric titration of sul- 
phacetamide in glacial acetic acid with perchloric acid 
gives an ill-defined break (Fig. 1, curve D) that is 
difficult to use for locating the exact end-point. The 
colour change of Gentian Violet in this titration is 
also sluggish. This is to be expected, because of the 
low basicity of the sulphacetamide molecule. 

Figure 1 shows the potentiometric titration curves 
of sulphacetamide sodium in different solvent sys- 
tems. The titration of the drug in acetic anhydride- 
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Table 1. Determination of sulphacetamide sodium in various dosage forms 

Mean recovery + SD, “/, 

Proposed method 

Form 
Potentiometric Visual B.P. 1973 

detection detection method 

Pure 

Ophthalamic 
solutionst 

In the 
presence of 
phenylephrine 
hydrochloride 

In the 
presence of 
phenyltoloxamine 
dihydrogen 
citrate 

100.1 * 1.3 100.6 k 1.3 100.7 * 0.5 
(lo)* (91* (4)* 

101.2 + 0.9 100.9 f 0.8 103.3 + 0.5 
(6)* (71* (5)* 

100.1 + 0.9 
(5); 

100.5 f 0.8 
(5)* 

*Number of experiments. 
tSulphacetamide sodium eye-drops, Alexandria Co. for Pharmaceuticals and Chemical 

Industries. 

glacial acetic acid mixture yields an excellent curve 
(A) with a sharper inflexion than that obtained with 
either of the other solvents tried (curves B and C). In 
the acetic anhydride-glacial acetic acid solvent sys- 
tem the visual end-point was also sharp. Results of 
the titration of sulphacetamide sodium by the pro- 
posed procedure are listed in Table 1 and compare 
favourably with those obtained by the B.P. method. 
The visual end-points coincided with the poten- 
tiometric end-points; 

Application of the proposed method to the deter- 
mination of sulphacetamide sodium in commercial 
ophthalamic solutions containing 10% w/v of the 
drug gave results that were equivalent to the results 
of the B.P. nitrite method in accuracy and precision 
(Table 1). 

0 1 N PERCHLORIC ACID SOLUTION 
( ml ) 

Fig. 1. Potentiometric titration curves for sulphacetamide 
sodium in different solvent systems: A, acetic anhydride- 
glacial acetic acid; B, dioxan; C, glacial acetic acid; D, 

sulphacetamide in glacial acetic acid. 

In ophthalamic solutions sulphacetamide sodium 
may be compounded with phenylephrine hydro- 
chloride (added as an adrenergic drug). The sul- 
phacetamide sodium in such mixtures can be deter- 
mined by taking advantage of acetylation of the 
secondary amine group of the phenylephrine by 
acetic anhydride. Complete acetylation of this group 
can be clearly demonstrated by the absence of an 
inflexion point on the potentiometric curve for ti- 
tration of the acetylation product. The proposed 
procedure gives quantitative and reproducible recov- 
eries for sulphacetamide sodium, without interference 
from phenylephrine hydrochloride (Table 1). 

Sulphacetamide sodium is also frequently encoun- 
tered in ophthalamic solutions containing phenyl- 
toloxamine dihydrogen citrate as an antihistamine. 
The latter component contains a tertiary nitrogen 
atom and therefore application of the proposed 
method to mixtures of the two compounds gives an 
end-point corresponding to the total amount of the 
two drugs. Sulphacetamide sodium can then be selec- 
tively determined by the B.P. nitrite method and the 
phenyltoloxamine dihydrogen citrate calculated by 
difference. Table 1 shows that acceptable results are 
obtained. 

1. 

2. 

3. 
4. 

5. 
6. 
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Summary-Six phenothiatine drugs (chlorpromazine hydrochloride, promethazine hydrochloride, pro- 
mazine hydrochloride, perphenazine, acetophenazine maleate and trifluoperazine hydrochloride) have 
been determined by titration with potassium ferricyanide in phosphoric acid medium with Methylene Blue 
as a screening indicator. The results were in agreement with those obtained by the official methods. 

Various methods have been used for estimation of with the picrates of lead, copper, cadmium and zinc.” 
phenothiazines. Potassium bromate and ceric sul- Potassium iodobismuthate,” hexathiocyanatochro- 
phate have been used for their oxidative titration.’ mate(III),‘* tetracyanozincate13 and iodine mono- 
Methods based on the protonated nitrogen atom of chlorideI have also been used for the estimation of 
the molecules include non-aqueous titration,* two- phenothiazine derivatives. 
phase titration,‘-’ precipitation with tetraphenyl- Oxidizing agents used for the calorimetric deter- 
borateN or ammonium reineckate,’ and titration mination of phenothiazine derivatives include ferric 

Table 1. Results obtained by the potassium ferricyanide and the B.P. 1980 methods 

Potassium ferricyanide B.P. 1980 

Taken, Recovery: Taken, Recovery. 
Comoound m?? X mz 9/, 

Chlorpromazine. HCI 
(Neurazine)M 

Powder 
Ampoules (25 mg/ml) 
Tablets (25 mg/tablet) 

Promethazine HCl 
(Promantine)M 

Powder 
Ampoules 
Laboratory-prepared 

tabletst 
Promazine. HCI 
(Sparine)w 

Powder 
Vials (50 mg/ml) 

Perphenazine 
(Trilafon)% 

Powder 
Tablets (8 mg/tablet) 

Trifluperazine. 2HCl 
(Stelazine)K 

Powder 
Tablets (5 mg/tablet) 

Acetophenazine maleate” 
Powder 
Laboratory-prepared 

tablets? 

5-20 
10 
10 

5-20 
10 
10 

5-20 
10 

5-20 
10 

520 
10 

5-20 
10 

100.4 * 0.5 
103.3 * 0.3 
98.1 f 0.5 

100.0 * 0.4 
102.5 f 0.9 
99.5 f 0.5 

100.2 f 0.2 
101.7 k 0.8 

100.3 + 0.4 
102.2 + 0.8 

100.5 + 0.4 
102.7 + 0.6 

100.0 f 0.5 
99.6 f 1.2 

50.0 
0.5 
0.5 

50.0 
0.5 
0.5 

50.0 
0.5 

50.0 
0.5 

50.0 
0.5 

50.0 
50.0 

99.6 f 1.3 
104.1 f 1.5 
97.3 + 0.5 

98.7 f 0.7 
104.2 f 0.9 
98.3 + 1 .o 

101.0*0.4 
103.0 * 0.3 

99.2 f 1.1 
102.2 f 0.9 

101.0 f 0.8 
105.1 f 0.8 

98.3 + 0.3 
98.4 f 0.6 

M = Misr; K = Kahira; SC = Schering; W = Wyeth. 
*Mean and standard deviation (6 results), calculated on nominal content in sample. 
tTablet prepared with lactose, starch, talc, magnesium stearate in proportions 

90:7:2.7:0.3. 

287 



288 SHORT COMMUNICATIONS 

chloride, I5 hydrogen peroxide,16 p-benzoquinone” shown in recovery tests by the standard addition 
and chloramine-T.” Other reagents used include cis- method, the recovery ranging from 99.4 to 101.0% for 
aconitic anhydridei9 and Nitrazine Yellow.2o 5-20 mg of added drug. 

Gas chromatography has also been used for the All results obtained agreed reasonably well with 
determination of phenothiazine derivatives.2’-26 those obtained by using the B.P. 1980 methods 

(Table 1). The procedure can be recommended for 
EXPERIMENTAL routine analysis of phenothiazine drugs. 

Reagents 

Potassium ferricyanide, O.OlM. 
Orthophosphoric acid, 85% w/v. 
Methylene Blue solution, 0.1%. 
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General procedure 

A solution of 5-20 mg of the drug in 10 ml of alcohol is 
treated with 50 ml of phosphoric acid and 5 drops of 
Methylene Blue solution. The mixture is titrated with O.OlM 
potassium ferricyanide to a full blue colour. 

Procedure for tablets 

Twenty tablets are weighed and powdered. A quantity of 
the powder containing about 100 mg of the drug is trans- 
ferred to a loo-ml standard flask, 50 ml of alcohol are added 
and the mixture is shaken for 20 min, then diluted to the 
mark with ethanol and filtered. An aliquot of the filtrate 
(containing about 10 mg of the drug) is analysed as in the 
general procedure. 

For injections and liquid preparations 

An amount of sample containing about 100 mg of the 
drug is measured accurately into a 100-m] standard flask 
and made up to volume with ethanol. An aliquot containing 
about 10 mg of the drug is analysed as in the general 
procedure. 

RESULTS AND DISCUSSION 

Phosphoric acid was found to be the best medium 
for the oxidation reaction. When sulphuric or hydro- 
chloric acid was used it was very difficult or impos- 
sible to detect the end-point. In phosphoric acid 
medium (70-85% v/v phosphoric acid) the end-point 
is shown by disappearance of the red colour of the 
phenothiazine. The addition of Methylene Blue 
sharpens the end-point, since under the reaction 
conditions used, the potassium ferricyanide oxidizes 
only the phenothiazine, first to a red intermediate 
with loss of one electron and then to a colourless 
product with loss of a second electron.’ Hence the 
end-point is shown by the change to the full blue 
colour of the Methylene Blue. 

The common tablet fillers such as lactose, talc, 
starch and magnesium stearate do not interfere, as 
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4. 
5. 

6. 

7. 

8. 

9. 
10. 
11. 

12. 
13. 

14. 

15. 
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17. 

18. 
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25. 
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Sammary-A spectrophotometric method for determining some phenothiazines, some tetracyclines and 
chloramphenicol is described. Chlorpromazine hydrochloride, promazine hydrochloride, promethazine 
hydrochloride, perphenaxine and fluphenazine hydrochloride are reacted with sodium cobaltinitrite in 
phosphoric acid. The red colour developed is measured at 530, 513, 515, 530 and 500 nm, respectively. 
Tetracycline hydrochloride, oxytetracycline hydrochloride, chlortetracycline hydrochloride, doxycycline 
hyclate and demeclocycline hydrochloride are reacted with the reagent in aqueous acetic acid. The yellow 
colour produced is measured at 256, 294, 262, 243 and 246 nm, respectively. Chloramphenicol is 
determined similarly to the tetracyclines after hydrolysis with 40% sodium hydroxide solution and the 
colour is measured at 240 nm. The proposed method has been successfully applied to the determination 
of these drugs in various pharmaceutical preparations. 

In the British Pharmacopoeia method,’ pheno- 
thiazine derivatives are determined by titration in 
non-aqueous media. Phenothiazines have been deter- 
mined spectrophotometrically, after oxidation with 
various oxidizing agents. *J The nitration products of 
phenothiazines can also be measured spcctrophoto- 
metrically after ether extraction from alkaline 
medium.4 Phenothiazines have been assayed by 
various titrimetric techniques, e.g., photometric ti- 
tration at 420 nm with ferric sulphate,s direct titration 
with arylsulphonic acids,6 two-phase titration with 
Bromophenol Blue’ or sodium lauryl sulphate.8 
Polarographiq9 gas-chromatographic’“~” and thin- 
layer chromatographic’* methods have also been 
reported. 

Several methods have been described for the deter- 
mination of tetracyclines. These include 
fluorimetric,‘3,‘4 chromatographic? and titrimetric” 
methods. 

Chloramphenicol has been determined spec- 
trophotometrically in acetone-dimethylformamide 
medium with tetraethylammonium hydroxide.r8 Re- 
duction of the nitro group allows diazotization and 
coupling with various reagents.“**’ Other methods 
include polarography,*’ non-aqueous titration with 
perchloric acid in glacial acetic acid,** and oxidation 
of its hydrolysis product with sodium periodate or 
potassium dichromate.24. Sodium cobaltinitrite has 
been proved to be a valuable reagent for the detection 
and determination of several phenolic compounds 
and drugs.2s29 This paper describes its use for the 
spectrophotometric determination of some pheno- 
thiazines, some tetracyclines, and chloramphenicol. 

EXPERIMENTAL 

All chemicals and reagents used were of analytical- 
reagent or pharmaceutical grade. Distilled water was used 
throughout. 

General procedure for phenothiazines 

An ethanol solution containing from 0.2 to 1.0 mg of the 
drug was transferred to a test-tube and evaporated to 
dryness on a boiling water-bath. The residue was treated 
with 1 ml of 0.2% sodium cobaltinitrite solution and 5 mi 
of phosphoric acid. The mixture was shaken well and then 
heated in a boiling water-bath for 15 min. The mixture was 
then transferred into a 25-ml standard flask and diluted to 
the mark with phosphoric acid. The absorbance was mea- 
sured at the selected wavelength (Table 1) for the drug, 
against a corresponding reagent blank. 

For tablets. Twenty tablets were weighed and powdered. 
An accurately weighed portion of the mixed powder, equiv- 
alent to about 25 mg of the drug, was shaken with ethanol 
in a 50-ml standard flask for 20 min. The solution was 
diluted to the mark with ethanol, mixed well and then 
filtered through a dry filter-paper into a dry flask, and 1 ml 
of this solution was analysed as described above for pheno- 
thiazines. 

For injections. A quantity of sample equivalent to about 
50 mg of the drug was transferred into a lOO-ml standard 
flask and diluted to the mark with ethanol. A l-ml aliquot 
was analysed by the general procedure. 

General procedure for tetracyclines 

A solution containing from 0.5 to 1.5 mg of the drug in 
2 ml of water was transferred into a test-tube, mixed with 2 
ml of glacial acetic acid and 2 ml of 5% sodium cobaltinitrite 
solution. The mixture was heated in a boiling water-bath for 
15 min, cooled, transferred into a 50-ml standard flask and 
diluted to the mark with water. The absorbance was mea- 
sured at the selected wavelength (Table 1). 

For capsules and tablets. A quantity of the mixed contents 
of 20 capsules or tablets, equivalent to about 25 mg of the 
drug, was transferred into a 50-ml standard flask and 
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Table 1. ,I,,, concentration ranges, regression equations and correlation coefficients for sodium cobaltinitrite colour 
reaction with different compounds 

3, mai, Cont. range (C), Regression Correlation 
Compound nm mglml equation coefficient 

Chlorpromazine. HCl 530 0.008-0.04 A = 0.001 +30.8X 0.9999 
Promazine. HCl 513 0.008-0.04 A = 0.004 + 33SOC 0.9999 
Promethazine. HCl 515 0.008~.04 A = 0.005 + 26.53C 0.9999 
Perphenazine 530 0.008-0.04 A = 0.005 + 21.4OC 0.9999 
Fluphenazine. HCl 500 0.008-0.04 A = 0.001 + 19.48C 0.9999 
Tetracycline. HCl 256 0.01~.03 A = 0.002 + 33.86C 0.9999 
Oxytetracycline. HCl 294 0.014t.03 A = 0.003 + 32.66C 0.9999 
Chlortetracycline. HCl 262 0.01-0.03 A = 0.000 + 30.34C 0.9998 
Doxycycline hyclate 243 0.01-0.03 A = 0.006 + 47.7OC 0.9999 
Demeclocycline. HCl 246 0.01-0.03 A = 0.012 + 36.14C 0.9993 
Chloramphenicol 240 0.01-0.03 A = 0.000 + 43.98C 0.9999 

shaken with 25 ml of water for 20 min. The solution was 
diluted to the mark with water and then filtered. A 2-ml 
portion of the filtrate was assayed by the general procedure. 

General procedure for chloramphenicol 

A quantity of chloramphenicol powder containing 50 mg 
of the drug was transferred into a test-tube, followed by 10 
ml of 40% sodium hydroxide solution. The solution was 
boiled for 30 min, cooled, transferred into a 50-ml mea- 
suring flask and then made up to the mark with glacial acetic 
acid, with cooling before final adjustment. Serial dilutions 
containing from 0.5 to 1.5 mg of the drug were analysed by 
the general procedure for tetracyclines. 

For capsules and injections. An accurately weighed portion 
of the mixed contents of capsules or injections was assayed 
as just described. 

RESULTS AND DISCUSSION 

Sodium cobaltinitrite oxidizes chlorpromazine hy- 
drochloride, promazine hydrochloride, promethazine 
hydrochloride, perphenazine and fluphenazine hy- 
drochloride in acidic solutions to give a red colour. 
The colour is attributed to formation of a radical 
cation. This conclusion is supported by the finding 
that the wavelength of the absorption maximum 
found experimentally corresponded to that reported 
in the literature for the free radicals formed by 
oxidation of phenothiazines.3S32 The effect of vari- 
ation in the concentration of sodium cobaltinitrite 

Table 2. Determination of phenothiazines, tetracyclines and chloramphenicol by the 
sodium cobaltinitrate procedure and the official method 

Recovery* + s.d.,;/, 

Comnound 
Proposed Official method 
method (ref.) 

Chlorpromazine. HCl powder 
Neurazine tablets (Misr) 
Neurazine injections (Misr) 
Promazine. HCl powder 
Promazine. HCl tablets9 
Sparine injections (Wyeth) 
Promethazine. HCl powder 
Promethazine. HCl tablets5 
Promantine injections (Misr) 
Perphenazine powder 
Trilafon tablets (Schering) 
Fluphenazine. HCI powder 
Fluphenazine. HCl tablets5 
Tetracycline. HCl powder 
Tetracycline capsules (Adwic) 
Micycline capsules (Misr) 
Oxytetracycline. HCl powder 
Oxytetrin capsules (Memphis) 
Chlortetracycline. HCl powder 
Chlortetracycline. HCl tablet@ 
Doxycycline hyclate powder 
Vibramycin capsules (Pfizer) 
Demeclocycline. HCl powder 
Demeclocycline. HCl tabletss 
Chloramphenicol powder 
Veracetine capsules (Nile) 

100.4 * 0.3 
97.0 f 1.0 

103.4 f 0.7 
100.3 f 0.3 
99.5 f 0.4 

103.0 f 1.1 
100.2 &- 0.3 
99.4 * 0.4 

102.1 + 0.8 
99.6 f 0.4 

101.4 * 0.9 
100.3 f 0.5 
99.2 f 0.6 

100.1 + 0.5 
101.5 + 0.6 
98.6 f 0.6 

100.9 * 0.7 
102.0 f 0.9 
100.8 + 0.3 
99.3 * 1 .o 

100.3 + 0.3 
98.3 k 0.8 

100.1 & 0.2 
99.3 * 0.5 

100.4 rfI 0.3 
96.5 k 1.0 

99.6 k 1.3 (1) 
97.3 * 0.5 (1) 

104.1 * 1.5 (1) 
101.0 *0.4(l) 
101.5 * 0.5 (1) 
103.0 f 0.3 (1) 
98.7 f 0.7 (1) 
98.3 + 1.0 (1) 

104.2 + 0.9 (1) 
99.2 f 1.0 (1) 

102.2 f 0.9 (1) 
98.2 + 0.4 (1) 
98.8 + 0.5 (1) 

100.1 + 0.7 (34) 
101.7 f 0.6 (34) 
97.5 * 0.5 (34) 
99.9 + 0.4 (34) 

101.3 f 0.5 (34) 

99.9 + 1.0 (34) 
99.0 f 0.3 (34) 
99.8 + 0.6 (34) 
97.6 + 0.9 (34) 

Cidocetine injections (Cid) 102.2 + 1.0 102.4 f 0.8 (34) 

*Average of 6 determinations. 
§Laboratory-prepared tablets containing the drug, lactose, talc, starch and magnesium 

stearate. 
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used was studied and it was found that maximum 
absorbance was obtained with 1 ml or more of 0.2% 
sodium cobaltinitrite solution. Phosphoric acid was 
used as the medium for the reaction; if hydrochloric 
or acetic acid was used as the medium the colour 
developed was found to be unstable. Evaporation of 
the ethanol is essential, since the coloured products 
are unstable in the presence of ethanol. 

Tetracyclines react with sodium cobaltinitrite in 
aqueous acetic acid to give a yellow colour which is 
stable for at least 4 hr. 

Chloramphenicol is hydrolysed by heating with 
sodium hydroxide to give p-nitrophenol.33 Treatment 
of the hydrolysis product with sodium cobaltinitrite 
in aqueous acetic acid gives a stable yellow colour, 
with an absorption maximum of the same wavelength 
as that observed when p-nitrophenol is reacted with 
the reagent under the same conditions. 

Sodium cobaltinitrite in aqueous acetic acid has 
been used for the identification of phenols having free 
positions ortho to the OH-group.*’ Feigl *’ suggested 
that an o-nitroso derivative was formed which in its 
tautomeric oxime form yielded a yellow to brown 
chelate with cobalt(I). The reaction of p-cresol with 
sodium cobaltinitrite was studied by Smith and 
Garst,26 who found that atomic-absorption analysis 
of the yellow product did not reveal the presence of 
cobalt. They identified the product as 
2-nitro-p-cresol. Accordingly, they categorized so- 
dium cobaltinitrite as acting in acid medium as a 
nitrating agent rather than a nitrosating agent. A 
reaction mechanism has been suggested involving the 
formation of nitro derivatives during the oxidation of 
tetracyclines of hydrolysed chloramphenicol with so- 
dium cobaltinitrite.29 

Beer’s law is valid over the concentration ranges 
presented in Table 1. The regression equations in 
Table 1 were calculated from the standard calibration 
curve of each drug. The unknown drug concentration 
in different pharmaceutical formulations can be cal- 
culated from their corresponding regression equa- 
tions. 

The proposed method was applied to the deter- 
mination of phenothiazines, tetracyclines and chlo- 
ramphenicol in various pharmaceutical preparations. 
The excipients present did not interfere. The results 
of the assays of tablets, capsules and injections 
presented in Table 2 compare favourable with those 
obtained by the official method.‘“4 
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Summary-The adsorption of bismuth(II1) on hydrous lead dioxide (HLD) from solutions of the bismuth- 
(III)-EDTA complex was studied by differential pulse polarography. It was found that HLD collected 
bismuth quantitatively from bismuth-EDTA solution over the pH range from 1 to 12, with shaking for 
1 hr, even at bismuth-EDTA concentrations as low as 10-8-10-7M. In addition, the reaction of HLD 
with EDTA was investigated in order to consider the participation of EDTA with respect to the adsorption 
behaviour of bismuth. It can be assumed that the adsorption of bismuth on HLD from bismuth-EDTA 
solution is correlated to the adsorptive property of HLD and to the surface reclox process between HLD 
and EDTA. 

The hydroxides or hydrous oxides of various metals 
have been studied as co-precipitation’ or ion- 
exchange24 reagents for separation or concentration 
of trace inorganic ions. Lead dioxide, though spar- 
ingly soluble, has not previously been studied for 
these purposes. 

Recently, the redox reactions of hydrous lead 
dioxide (HLD), freshly prepared by the hydrolysis of 
lead tetra-acetate, with sodium oxalate,5 chro- 
mium(III)6,7 and EDTAs have been reported from our 
laboratory. In another paper,’ an investigation of the 
individual adsorption of bismuth(II1) and copper(I1) 
on HLD was reported. HLD was found to be a 
superior adsorbent for bismuth in acidic medium, 
and used in the determination of trace amounts of 
bismuth in a copper metal standard (about 10W5%) by 
differential pulse polarography. 

In the present work, the adsorption of bismuth on 
HLD from solutions of bismuth-EDTA is studied. In 
addition, the reaction of HLD with EDTA is in- 
vestigated in connection with the role played by 
EDTA in this adsorption system. 

EXPERIMENTAL 

Reagents and apparatus 

A O.OlM bismuth-EDTA standard solution was prepared 
by mixing bismuth nitrate of reagent grade with Dotite 
disodium EDTA in 1: 1 molar ratio. This stock solution was 
accuratelv diluted as reauired. A 0.05M lead tetra-acetate 
solution in glacial acetic acid was standardized by poten- 
tiometric titration with sodium oxalate.‘O A O.OlM EDTA 
stock solution was prepared from the Dotite reagent. 

A Princeton Applied-Research Model 174A polarograph 
and a Watanabe Model WX-451 X-Y recorder were used. 
The lead dioxide suspensions were shaken by means of a 
Yamato Water Bath Incubator, Model BT-31. 

Procedure 

HLD was prepared by adding lOm1 of 0.0% lead 
tetra-acetate solution dropwise to 100 ml of distilled water, 
and then centrifuging to remove the acetic acid produced. 
The HLD was washed twice with IOO-ml portions of 
distilled water (separated by centrifugation). About 
0.12-0.14 g of HLD (taken as PbO,.2H,O) was used for 
each adsorption test. 

A ZOO-ml Erlenmeyer flask fitted with a rubber stopper 
was used as the reaction vessel. HLD, a known amount 
of bismuth-EDTA solution, an appropriate buffer solu- 
tion and 10 ml of 1 M potassium nitrate were added to the 
flask and the mixture was diluted to lOOm1 with distilled 
water. The pH of the suspension was adjusted with 
0.02M HNO,-CH,COOH, CH,COOHCH,COONa, 
HNO,-Na,B,O, and Na,B,OrNaOH buffers. The sus- 
pension was shaken for 1 hr, at 30”. The HLD was then 
filtered off with a membrane filter (Toy0 Kagaku, Type 
TM-Z, pore size 0.45 pm). The differential pulse polarogram 
of bismuth in the filtrate was recorded, the supporting 
electrolyte” consisting of 2 ml of 1.5M sodium citrate, 20 ml 
of 0.2M EDTA and 2.5 ml of 1M potassium nitrate, diluted 
to 50 ml. The amount of bismuth adsorbed was determined 
by measurements of the bismuth concentration before and 
after adsorption. 

For direct determination of the adsorbed bismuth, the 
HLD was dissolved with sodium oxalate, supporting elec- 
trolyte was added, the pH was adjusted to 5.0-5.5, and the 
bismuth in the solution was determined by differential pulse 
polarography. 

For determination of the dissolved lead(H) in the sus- 
pension, the filtrate (obtained as already described) was 
acidified to 0.2M in nitric acid, and then analysed for lead 
by differential pulse polarography. 

The reaction of HLD with EDTA was studied by adjust- 
ing the pH of a suspension containing HLD and an 
appropriate amount of EDTA, and shaking the mixture for 
1.hr at 30”. An appropriate amount of the filtered liquid 
phase was adiusted to PH 4.7 and the lead(H) in it was 
removed by controlled-potential electrolysis with a mercury 
pool cathode. The anodic wave of EDTA was then mea- 
sured by normal pulse polarography. 
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Fig. 1. Effect of pH on the adsorption of bismuth from 
2 x lO_jM bismuth-EDTA solution and 2 x IO-‘M bis- 
muth(II1) solution on hydrous lead dioxide (HLD). HLD 
0.14 g; solution volume 100 ml; shaking time 1 hr; tem- 

perature 30”: 0 bismuth-EDTA; 8 bismuth(II1). 

RESULTS AND DISCUSSION 

Effect of pH 

The effect of pH on the adsorption of bismuth on 
HLD from 2 x 10m5M bismuth-EDTA solution is 
shown in Fig. 1. There is almost 1OO’A adsorption 
over the pH range from 1 to 12. Similar values were 
obtained for 3 x 10e4M bismuth-EDTA solution. 

The effects of shaking time and temperature on the 
adsorption were also investigated. The adsorption 
equilibrium was reached within 1 hr, and the ad- 
sorption values were practically constant over the 
temperature range from 30 to 70”. 

EfSect of bismuth-EDTA concentration 

The relation between concentration of 
bismuth-EDTA and amount of bismuth adsorbed on 
HLD is shown in Fig. 2. At each pH tested, there was 
almost 100% adsorption when the concentration of 
bismuth-EDTA was less than 4 x 10m4M. The ad- 
sorption capacity at each pH (except 10) was almost 
equal to that for adsorption from a simple bismuth 
(III) solution.’ A log-log plot of equilibrium concen- 
tration of bismuth-EDTA us. amount of bismuth 
adsorbed per mole of HLD was linear. 

Ahorption at trace concentrations 

The effectiveness of adsorptive collection of trace 
amounts of bismuth(III), present as the 

3 8- 

Concentration of BIUIII-EDTA or BdIII) 

( fo-4M ) 

Fig. 2. Relation between the concentration of 
bismuth-EDTA or bismuth(II1) added and the amount of 
bismuth adsorbed on HLD. HLD 0.14 g; solution volume 
100 ml; shaking time 1 hr; temperature 30”. 
Bismuth-EDTA: l pH 1.8, 0 pH 3.9, A pH 7.3, 0 

pH 10.0. Bismuth(II1): @ pH 1.8. 

bismuth-EDTA complex, was investigated. HLD, a 
known amount of bismuth-EDTA solution, 50 ml of 
1M potassium nitrate and an appropriate buffer 
solution were added to a lOOO-ml Erlenmeyer flask 
and the mixture was diluted to 500 ml with distilled 
water. The suspension (bismuth-EDTA concen- 
tration from 1 x 10e6 to 5 x 10m8M) was shaken for 
1 hr at 30”. The bismuth adsorbed on the HLD was 
determined directly by the procedure given above. 
The results obtained for pH 2.5 and 10 are shown in 
Table 1. The recovery of bismuth was almost 100% 
at each pH value. 

Lead(U) dissolved during the adsorption 

The amount of lead(I1) dissolved was much higher 
for adsorption of bismuth from bismuth-EDTA 
solution than for adsorption from the simple bis- 
muth(II1) solution examined previously.’ The results 
obtained at pH 2,4,7 and 10 are shown in Fig. 3. The 
amount of lead(I1) increased at each pH with increase 
in the amount of bismuth-EDTA present, but tended 
to reach a limiting value. From the slopes of the 
straight lines up to the plateaus, the molar ratio of 
lead(I1) dissolved to bismuth-EDTA taken was 
found to be about 4 at pH 2, 3 at pH 4 and 0.7 at 

Table 1. Recovery of bismuth from the solution of bismuth-EDTA 

DH 

Initial concentration Amount of bismuth, pg Average 
of bismuth-EDTA, recovery, 

M Taken, Found* x 

2.5 9.91 x 10-7 104 101 f 2 97 
2.5 1.98 x lo-’ 20.7 19.7 f 0.5 95 
2.5 0.99 x 10-7 10.4 10.6 + 0.8 102 
2.5 0.50 x lo-’ 5.2 5.3 IO.2 

10.1 10.01 x lo-’ 105 102+2 
10.1 2.00 x lo-’ 20.9 21.2kO.4 
10.1 1.00 x lo-’ 10.5 10.1 + 0.8 
10.1 0.50 x lo-’ 5.2 5.4 + 0.6 

*Average and deviation are based on two or three replicates. 

102 
97 

101 
96 

104 
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Fig. 3. Relaticm between the ~on~n~a~o~ of 
bismuth-EDTA or bi~uth~i~ added and the concen- 
tration of lead(H) dissolved into the supernatant liquid. 
HLD 0.14 g; solution volume 100 ml; shaking time I hr; 
temperature JO”, Bismuth-EDTA: 0 pH 1.8, 0 pH 3.9, A 

pH 7.3, 0 pH 10.0. Bismuth(III): 0 pH 1.8. 

pH 10. These results suggest that the. oxidation of 
EDTA by HLD proceeds at the interface during the 
adsorption process. 

Reaction of EDTA with HLD 

The effect of pH on the decrease in EDTA concen- 
tration was investigated, with 2 x 1OPM EDTA. A 
typical set of results is shown in Fig. 4. About 100% 
decrease at pH 5 and 23 f 3% at pH 10 were ob- 
served. Similar results were obtained when the shak- 
ing time was increased to 3 hr. 

The amount of lead(U) dissolved was also mea- 
sured (Fig. 5). The molar ratio of leadfIX) dissolved 
to EDTA added was about 3 at pH 5 and about 0-6 

~~~~Q~~e~ge~e#~-T~s work was partially supported by 
a Grant-in-Aid for Special Project Research from the Min- 
istry of Education, Science and Culture. 
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at pH 10, in agreement with the results for adsorption 
of bismuth from bismuth(IIK)-EDTA solution. 

From these results, it is evident that the oxidation 
reaction of EDTA with HLD proceeds over the pH 
range from 1 to 12. Though the mechanism has not 
been fully elucidated, it seems probable that the 
bismuth-EDTA complex is primarily adsorbed on 
the HLD and oxidized on the surface, the bismuth 
ion being retained on the HLD, as a compound such 
as the hydroxide. 

Conclusions 

The adsorptive property of hydrous lead dioxide 
prepared in situ by the hydrolysis of lead tetra-acetate 
has been investigated, with reference to the ad- 
sorption of bismuth from ~srn~t~E~TA solution, 
The results show that HLD callects bismuth quan- 
titatively over the pH range from 1 to 12, and that 
bismuth can be collected quantitatively 10-8-10-7M 
bismuth-EDTA solution in this way. 
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THE DETERMINATION OF AROMATIC AMINES 
WITH S-AMINO-l-HYDROXYNAPHTHALENE- 

3,QDISULPHONIC ACID AND N-(l-NAPHTHYL)- 
ETHYLENEDIAMINE AS COUPLING AGENTS 
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Summary-Twenty-two aromatic amines are determined by the diazotization-coupling spectro- 
photometric technique, using 8-amino-l-hydroxynaphthalene-3,6-disulphonic acid (H-acid) and N-( I- 
naphthyljethylenediamine (N-na) as coupling agents. The following are determined by both methods: 2- 
and 4-ethylaniline, 4-aminobenzonitrile, 3- and 4-aminoacetophenone, 4-ammobenzophenone, 
4-iodoaniline, 2,5-dichloroaniline, 4aminohippuric acid, 2-aminobenzyl alcohol, 3-ammobenzamide, 
sulphathiazole, 2-, 3- and 4-methoxyaniline and 2,4-, 3,4- and 3$dimethylaniline. It is possible to 
determine 2,3- and 2,5_dimethylaniline only by the H-acid method, but 2,6_dimethylaniline cannot be 
determined by either method. 2-Aminobenzamide can on!y be determined by the N-na method. In the 
application of the H-acid method to the methoxyamlines and dimethylanilines, the colour is developed 
by adding a large excess of sodium bicarbonate and H-acid. In the application of the N-na method to 
the ethylanilines, methoxyanilines and 2,4-, 3,4- and 3.5-dimethylanilines, the colour is developed by 
addition of a large excess of N-na reagent and allowing the solution to stand overnight. 

We recently proposed methods for the determination 
of aromatic amines by the diazotization-coupling 
spectrophotometric technique, using 8-amino-l- 
hydroxynaphthalene-3,6-disulphonic acid (H-acid) 
and N-( 1 -naphthyl)ethylenediamine (also called N- 
(1-naphthalenyI)-1,Zethanediamine or N-na) as cou- 
pling agents.’ Subsequently, aminophenols, phenyl- 
enediamines, dinitroanilines, trichloroanilines and 
tetrachloroaniline were determined by using N-na 
and special techniques.2 In the present work, 22 more 
aromatic amines of importance in industry and phar- 

macology are determined by the H-acid and N-na 
coupling methods. 

EXPERIMENTAL 

Apparatus and reagents 

A Bausch and Lomb model 70 spectrophotometer (I-cm 
cell) and a Cary model 219 recording spectrophotometer 
(l-cm cell) were used. 

All chemicals were of reagent grade except where indi- 
cated. The aromatic amines were obtained from the East- 
man Kodak Co. or Aldrich Chemical Co. and purified by 
recrystallization or distillation if necessary. 

H-acid reagent (0.75%). Purify technical grade H-acid 
monosodium salt as follows. Dissolve 20 g of the salt in 
about 200ml of boiling water. Cool in ice, filter off the 
precipitate on a Whatman No. 41 paper by suction and 
wash it four times with cold water and three times with 
acetone. Let stand in air for 1-2 hr to volatilize acetone. 

Make-up a 0.75% solution in water fresh every 3 days and 
store in a brown bottle. 

*Author to whom correspondence should be addressed. 

N-na reagent (0.75x, in water). Prepare fresh every 3 
days and store in a brown bottle. 

Standard aromatic amme solution A (2.50 mg/ml). 
Dissolve 0.2500 g of the aromatic amine (except 
2-aminobenzamide) in methanol and dilute to volume 
in a lOO-ml standard flask with methanol. Dissolve 
2-aminobenzamide in a mixture of methanol and 5 ml of 
concentrated hydrochlortc acid and dilute to 100 ml with 
methanol. 

Standard aromatic amine solution B (25 pggiml). Prepare 
fresh daily by diluting a 5-ml aliquot of standard aromatic 
amine solution A to volume m a 500-ml standard flask with 
water. 

Procedures 

The following are determined by both methods: 2- and 
4-ethylaniline, Caminobenzonitrile, 3- and 4-amino- 
acetophenone, 4-aminobenzophenone, 4-iodoaniline, 
2,5-dichloroaniline, 4-aminohippuric acid, 2-aminobenzyl 
alcohol, 3_aminobenzamide, sulphathiazole, 2-, 3- and 4- 
methoxyaniline and 2,4-, 3,4- and 3,5_dimethylaniline. 2,4- 
and 2,5-dimethylaniline can be determined only by the 
H-acid method and 2,6-dimethylanihne cannot be deter- 
mined by either method. 2-Ammobenzamide can be deter- 
mined only by the N-na method. 

H-acid method. For all the aromatic amines to which the 
H-acid method is applicable (except the methoxyanilines 
and dimethylamlines) proceed as follows. Prepare a cali- 
bration curve by transferring portions of standard aromatic 
amine solution B to IOO-ml standard flasks. The volumes 
should be chosen in accordance with the sensitrvities indi- 
cated in Table 1, to cover the absorbance range up to 0.6. 
Dilute to about 75 ml with water, add 2.0 ml of 0.3M 
hydrochlorrc acid and 2.0 ml of l”, sodium nitrite solution, 
swirl and allow to stand for 5 min. Add 2.0 ml of 3% 
sulphamic acid solution, swirl, wash down the neck of the 
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flask and allow to stand for 10 min. Add 10 ml of 6% sodium 
bicarbonate solution, swtrl, add 2.0 ml of H-acid reagent, 
swirl agam, dilute to the mark, mix, and store in the dark 
for 15-45 min. Measure the absorbance against water at the 
wavelength indicated in Table 1. Deduct the blank and plot 
absorbance against mg of the aromatic amine per 100 ml. 
For the determination of the methoxyamilines and dimeth- 
ylanilines, proceed as above but use 1.0 ml of 0.3N hydro- 
chloric acid, 5 g of sodium bicarbonate, 5.0 ml of H-acid 
reagent, and store in the dark for 6CL90 min. For the 
analysis of samples, transfer an appropriate aliquot to a 
loo-ml standard flask and proceed as for the calibration 
curve. 

N-na method. For all the aromatic amines to which the 
N-na method is applicable (except the methoxyanilines and 
dimethylanilines) proceed as follows. Prepare a calibration 

curve by transferring portions of standard aromatic amine 
solution B to 50-ml standard flasks, the volumes being 
chosen (Table 1) to cover the absorbance range up to 0.6. 
dilute to 30-35 ml with water, add 3.0 ml of 1M hydro- 
chloric acid and 1 .O ml of 1% sodium nitrite solution, swirl 
and allow to stand for 5 min. Add 1.0 ml of 3% sulphamic 
acid solution, swirl, wash down the neck of the flask and 
allow to stand for 10 min. Add the amount of N-na reagent 
indicated in Table 1, dilute to the mark and mix. Measure 
the absorbance against water at the wavelength and time 
indicated in Table 1. Deduct the blank and plot absorbance 
against mg of aromatic amine per 50 ml. For the deter- 
mination of 2,3-, 3,4- and 3,5_dimethylaniline, proceed as 
above but use 2.0 ml of 1M hydrochloric acid. For the 
methoxyanilines use 2.5 ml of N-na reagent and 90 min 
standing for 3-methoxyaniline, and 10 ml of reagent and 

Table 1. Spectrophotometric determination of aromatic amines bv the H-acid and N-na methods 

Aromatic amine 

H-acid N-na 

1 mal, Absor- Time for Absor- 
Colour nm bance* Reagent, ml Colour I,,, nrn development bancet 

2-Ethylaniline 

4-Ethylaniline 

4-Aminobenzonitrile 

3Aminoacetophenone 

4-Aminoacetophenone 

4-Aminobenzophenone 

CIodoaniline 

2,5-Dichloroaniline 

4Aminohippuric acid 

2-Aminobenzyl alcohol 

2-Aminobenzamide 
(anthranilimide) 

3-Aminobenzamide 

Sulphathiazole 
(Camino-N-2- 
thiazolylbenzene- 
sulphanilimide) 

2-Methoxyaniline 
(o-anisidine) 

3-Methoxyaniline 
(m-anisidine) 

4-Methoxyaniline 
@-anisidine) 

2,3-Dimethylaniline 

2,CDimethylaniline 

2,5_Dimethylaniline 

2,6_Dimethylaniline 
3,CDimethylaniline 

3,5-Dimethylaniline 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

cherry 
red 

532 0.25 

530 0.62 

529 0.51 

524 0.40 

532 0.68 

531 0.46 

534 0.40 

531 0.42 

530 0.43 

536 0.52 

Not recommended* 

cherry 
red 

cherry 
red 

521 0.49 

531 0.33 

purplish 540 0.58 
red 

cherry 525 0.61 
red 

purplish 541 0.32 
red 

cherry 534 0.22 
red 

cherry 538 0.42 
red 

cherry 536 0.22 
red 

Not recommended8 
cherry 538 0.63 

red 
cherry 530 0.42 

red 

10.0 

10.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2.5 

2.5 

1.0 

2.5 

10.0 

2.5 

10.0 

10.0 

10.0 

10.0 

purplish 
red 

reddish 
purple 

purplish 
red 

purplish 
red 

purplish 
red 

reddish 
purple 

purplish 
red 

purplish 
red 

purplish 
red 

reddish 
purple 

reddish 
purple 

reddish 
purple 

reddish 
purple 

violet 

reddish 
purple 

violet 

548 16-24 hr 0.14 

569 16-24 hr 0.51 

543 10 min 0.39 

545 10min 0.32 

551 10 min 0.51 

550 10 min 0.36 

551 10min 0.21 

536 10min 0.28 

549 10 min 0.34 

551 90 min 0.27 

553 90 min 0.25 

541 10min 0.42 

546 30 min 0.21 

514 

555 

1624 hr 0.44 

90 min 0.43 

16-24 hr 0.22 580 

Not recommendedQ 

reddish 560 16-24 hr 
violet 

Not recommended4 

Not recommended9 
reddish 567 1624 hr 

violet 
reddish 561 1624 hr 

violet 

0.18 

0.40 

0.22 

*For 2 ng/ml. 
tFor 1 pg/ml. 
§The absorbance for the indicated concentration was less than 0.05. 
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overnight standing for the other two. For analysis of 
samples transfer an appropriate aliquot to a 50-ml standard 
flask and proceed as for the calibration curve. 

RESULTS AND DISCUSSION 

Preparation of the stock amine solutions 

The stock amine solutions (except 2-amino- 
benzamide) are prepared with methanol as solvent, 
but ethanol is equally satisfactory for all the amines 
tested in this and the previous papers. For the stock 
solution of 2-aminobenzamide, 5 ml of concentrated 
hydrochloric acid must be added. 

Colours obtained 

Many of the H-acid dyes of the aromatic amines 
tested in this paper are light-sensitive so the solutions 
should be stored in the dark after addition of the 
H-acid. The N-na dyes are not light-sensitive. The 
spectral characteristics of the dyes are shown in Table 
1. Beer’s law is obeyed for all the systems tested. 

Dimethylanilines (xylidines) 

For determination of the dimethylanilines by the 
H-acid method, it is necessary to use only 1.0 ml of 
0.3M hydrochloric acid for the diazotization (instead 
of 2.0 ml) and 5 g of sodium bicarbonate to give a pH 
of 7.7 (instead of 10 ml of 6% sodium bicarbonate 
solution to give a pH of 7.2). It is also necessary to 
use 5 ml of H-acid reagent (instead of 2 ml) and allow 
the solution to stand for 60-90 min for the devel- 
opment of the colour (instead of 15-45 min). The 
sodium bicarbonate takes 2-3 min to dissolve, but 
this does not matter, since even a 1 hr interval 
between addition of the sodium bicarbonate and the 
H-acid does not affect the result. 

For the determination of 2,4-, 3,4- and 3,5- 
dimethylaniline by the N-na method, it is advisable to 
use 2.0 ml of 1M hydrochloric acid for the 
diazotization-coupling (instead of 3.0 ml); it is also 
necessary to use a large excess of N-na reagent (10 
ml) and allow the solution to stand overnight for 
colour development. Little or no colour was pro- 
duced when the N-na method was applied to 2,3-, 
2,5- and 2,6_dimethylaniline and no improvement 
could be achieved by alteration of the acidity, nitrite 
concentration and time of diazotization, or by adding 
a catalyst (sodium bromide) and cooling in ice during 
the diazotization, using ammonium sulphamate or 
urea (instead of sulphamic acid) to destroy the excess 
of nitrite, and heating during the coupling. 

The only previous investigator to study the appli- 
cation of the N-na method to the determination of 
dimethylanilines was Daniel,3 who treated 1 ml of 
sample solution with 1 ml of 2M hydrochloric acid 
and 1 ml of 0.25% sodium nitrite solution, and after 
15 min added 1 ml of 2.5% ammonium sulphamate 

solution. He then allowed the mixture to stand for 1 
min, added 1 ml of 1% N-na reagent and diluted to 
volume in a lo-ml standard flask. Alternatively, after 
adding the ammonium sulphamate, he added 1 ml of 
3M sodium acetate and 1 ml of the N-na reagent and 
diluted to 10 ml. We concur with Daniel that little or 
no colour is produced by 2,3-, 2,5- and 2,6-dimethyl- 
aniline in the N-na method. However, we obtained 
greater colour development than Daniel for 2,4- and 
2,6_dimethylaniline and our values for L,,, differed 
significantly from his. 

Methoxyanilines 

The same H-acid procedure is recommended for 
methoxyanilines as that for dimethylanilines and the 
N-na procedure recommended for methoxyanilines is 
that previously described for aminophenols. 

Ease of coupling 

Electron-withdrawing groups in the aromatic nu- 
cleus tend to facilitate coupling by increasing the 
positive charge on the diazonium ion. Consequently, 
aromatic amines which contain CN, COCH,, 
COC,HS, I, Cl and CONHCH2CH,COOH groups 
(all strong electron-withdrawing groups) require only 
1 ml of N-na reagent and colour development is 
complete in 10 min (Table 1). Aromatic amines 
containing less strong electron-withdrawing groups, 
or strong electron-donating groups (C,H,, OCH, or 
two CHJ groups) require more N-na reagent and a 
longer time for development of the colour. For the 
H-acid method, the effect of strong electron-donating 
groups (OCH, and two CH, groups) is such that a 
larger excess of H-acid reagent and a longer standing 
time are required for development of the colour. It is 
not known why the H-acid method is applicable to 
3-aminobenzamide but not to 2-aminobenzamide and 
why the colour for the N-na method develops more 
readily with 3-aminobenzamide (in 10 min with 1 ml 
of reagent) than with 2-aminobenzamide (in 90 min 
with 2.5 ml ofreagent). A possible explanation is that 
2-aminobenzamide is more basic than 3-amino- 
benzamide and this may affect the coupling. This 
difference in basicity is the reason for addition of 
hydrochloric acid in preparation of the stock 
2-aminobenzamide solution. 

The accuracy (average relative error about 5%) and 
precision of the methods is about the same as that 
obtained previously in the determination of aromatic 
amines by the H-acid and N-na methods.‘,2 
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Summary-A new, simple and rapid method based on the prmciple of liquid-liquid phase equilibna has 
been developed for the analysis of binary mixtures of chemically similar organic compounds. The method 
does not require elaborate instrumentation and can be used to analyse mixtures of members of 
homologous series. The application of the method has been illustrated by analysing binary mixtures of 
n-hexane and n-octane; the maximum uncertainty in this analysis is -2%. 

Analysis of binary and ternary mixtures of organic 
compounds by phase titration’-’ is based on the 
appearance of a second phase in a homogeneous 
liquid mixture, giving a turbidimetric end-point. In 
this communication we describe a method, based on 
liquid-liquid phase equilibria, for the analysis of 
binary mixtures made up of chemically similar or- 
ganic compounds. Many of these mixtures cannot be 
analysed by procedures based on chemical reactions 
because these are usually slow or incomplete, and 
various interfering consecutive reactions may occur 
when the system is allowed to proceed to equilibrium. 
The proposed method is illustrated by its application 
to the analysis of mixtures of n-hexane and n-octane. 

THEORW 

The phase diagram for a ternary system containing 
one pair of mutually immiscible or only partially 
miscible components A and B and a consolute com- 
ponent C is shown in Fig. 1. If a further substance A’ 
is chemically similar to A, it will have similar solu- 
bility behaviour towards pure B and C. However, the 
effect of the consolute component on the miscibility 
of A’ and B will be different from that on the 
miscibility of A and B, and therefore the binodal 
curve for the system ,4-B-C (dashed line in Fig. 1) 
will be different from that for A-B-C.6 

For a pseudo-ternary system composed of 
(A + A’), B and C, the binodal curve will lie some- 
where between the binodal curves for the systems 
A-B-C and A’-B-C and its locus will depend upon 
the relative amounts of A and A’ in the mixture. 

A ternary mixture A-B-C having the composition 
represented by the point 0 in Fig. 1 will split into two 

*To whom correspondence should be addressed. 

different phases represented by points L and M 
(where LM is the tie line). The relative amounts of the 
two phases are given by the lever rule, i.e., 

Amount of phase of composition L OM 

Amount of phase of composition M = K 

The corresponding ternary mixture A’-EC 
defined by point 0 will similarly separate into two 
phases having the compositions represented by the 
points L’ and M’, the relative amounts being given by 
the ratio OM’/OL’. It is, therefore, evident that on 
gradual replacement of A by A’ (i.e., increasing the 
ratio A’/A), in the pseudo-ternary mixture 
(A + A/)-B-C, the relative amounts of the two 
phases will move from OMjOL to OM’/OL’. A 
calibration curve can, therefore, be obtained for the 
relative amounts of the two phases in the pseudo- 
ternary mixture (A + A’)-B-C as a function of 
%A/(%A + “,<A’). From a knowledge of the binodal 
curves for the ternary mixtures A-B-C and A’-B-C 

(A or 

Fig. 1. Phase diagram and relative amounts of two eqm- 
hbrium phases corresponding to the ternary composition at 
point 0 for the systems A-B-C (---) and N-B-C (---). 
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HYDROCARBON WATER 
Fig. 2. Binodal curves for the ternary systems n-hexane-acetone-water (0) and n-octane-acetone-water 

(0) at 25 k 0.05”. 

a position of point 0 can be computed that will give 
a large difference between the ratios OMjOL and 
OM’/OL’. One possible route to obtain optimum 
precision is to keep OM fairly small, so that the 
difference (OM’ - OM) is much larger than the 
difference (OL’ - OL). The method holds good even 
when the tie lines for the ternary mixtures A-B-C 
and A’-EC are not parallel. The effect of the 
difference in the slope of the tie lines is taken into 
account in the calibration curve. 

EXPERIMENTAL 

Malerials 

Analytical-reagent grade samples of n-hexane and n- 
octane were purified by drying over sodium metal, followed 
by fractional distillation.’ Laboratory-reagent grade acetone 
was refluxed over potassium permanganate, distilled and 
stored over anhydrous potassmm carbonate. The solvents 
were fractionally distilled immediately before use. Distilled 
water was used throughout. 

Determination of binodal curoes for the ternary mixtures 
A-B-C and A’-B-C 

The binodal curves for the hydrocarbon-acetone-water 
mixtures were obtained by titrating a set of binary mixtures 
of hydrocarbon and acetone with water and another set of 
binary mixtures of water and acetone with hydrocarbon, to 
a turbidimetric end-point.8 Details of the apparatus and 
experimental technique have been given earlier.9 

The binodal curves for the two sets of ternary mixtures, 
n-hexaneacetone-water and n-octane-acetone-water at 
25 f 0.05” are shown in Fig. 2. It can be observed that 
though the miscibilities of n-hexane and n-octane with 
water are of the same order of magnitude, the addition of 
acetone yields fairly distinct solubility curves, and this 
differentiating effect of the consolute allows the new method 
to be used for the analysis of binary mixtures of the two 
hydrocarbons. 

4 
6 

h r 

4+ I 1 I I I 
0 20 40 60 80 100 

n- HEXANE (wt 7. ) 

Fig. 3. Calibration curve for the analysis of mixtures of 
n-hexane and n-octane at 25 f 0.05”. 
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Table 1. Comparison of results for syn- 
thetic mixtures 

Relative 

Wt.% n-hexane 
standard 
deviation 

Present Found* n % 

9.12 1.6 3 
18.67 17.3 5 10 
33.52 32.4 2 
44.63 45.8 8 2.7 
55.08 56.4 2 
66.34 66.7 2 
15.81 16.8 5 1.4 
83.40 83.9 2 
91.32 90.4 2 

*Average value of n determinations. 

The apparatus used for determining the amount of two 
immiscible phases in equilibrium IS a 50-ml stoppered 
measuring cylinder (made from a burette) with an outer 
jacket for the circulation of water from a thermostatic 
reservoir. 

Calibration curves 

To obtain the calibration curve, a set of binary mixtures 
of n-hexane and n-octane covering the entire w/w com- 
position range was prepared. Seven ml of the hydrocarbon 
mrxture, 37 ml of acetone and 6 ml of distilled water were 
added to the specrally designed measuring cylinder described 
above and the mixture was shaken intermittently until 
thermal equilibrium at 25 + 0.05” was obtained. The vol- 
umes of the two phases m equilibrium were measured and 
a calibration curve (Fig. 3) of the ratio of the volumes of the 
two phases against the composrtion of the binary mixture 
was drawn. 

A set of synthetic mixtures containing both n-hexane and 
n-octane, having the same volume ratios of acetone, water 
and total hydrocarbon as those used to obtain the cali- 
bration curve, but with different amounts of n-hexane and 
n-octane in the hydrocarbon component, was prepared and 

subjected to analysis. The volumes of the two phases in 
equilibrium were measured and the composition of the 
hydrocarbon mixture read from the calibration curve. 

RESULTS AND DISCUSSION 

The results obtained for the synthetic mixtures 
were compared with the actual values (Table 1) and 
on the whole, the agreement was good. The max- 
imum absolute difference found was N 1% for solu- 
tions rich in n-hexane and ~2.2% for solutions rich 
in n-octane. An examination of the calibration curve 
reveals that the method will yield more precise results 
for binary mixtures rich in n-hexane. 

Although we have illustrated the method by using 
water and acetone as the components B and C 
respectively, there are many alternative choices for 
these components. Their suitability, however, will 
depend on the nature of the calibration curve ob- 
tained, since this governs the precision of the method. 

1. 

2. 

3. 
4. 
5. 
6. 

7. 

8. 

9. 
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Summary-A rapid, simple and accurate method for determining phosphorus photometrically in iron ores 
and related materials, obviating the use of perchloric acid, is described. The sample is fused with sodium 
peroxide in a zirconium crucible and the melt dissolved in hydrochloric acid. The molybdenum-blue 
complex is developed by the addition of ammonium molybdate and hydrazine sulphate and the 
absorbance is measured at 725 nm. The range of the method is from 0.005 to 1 .O% P. A batch of 6 samples 
can be analysed in about 2 hr. 

The molybdate/magnesia method’ has been the tradi- 
tional referee procedure for determining phosphorus 
gravimetrically as magnesium pyrophosphate in min- 
erals and iron ores. The method is quite tedious and 
cumbersome, and suffers interference from titanium. 
Both the ASTM method’ and the British Standard 
method3 require digestion of the sample in 
nitric-hydrochloric-perchloric acid mixture, and 
treatment of the insoluble matter, including removal 
of silica, subsequent fusion of the remaining residue, 
dissolution of the product, and subsequent formation 
of the phosphovanadomolybdate complex; this com- 
plex is then extracted either with isobutyl alcohol or 
MIBK (methyl isobutyl ketone), prior to photo- 
metric measurement. The phosphovanadomolybdate 
methods are quite tedious and lengthy. An equally 
accurate but more cost-effective approach is pre- 
ferred. In general, considerable time and effort are 
needed for complete dissolution of the sample. We 
have already reported a technique for rapid dis- 
solution of materials encountered in the steel indus- 
try, including iron ores.4 A procedure for determining 
phosphorus photometrically was also described. The 
sample was fused with sodium peroxide and sodium 
carbonate in a vitreous carbon crucible and the melt 
dissolved in perchloric acid, the medium used for 
developing the final molybdenum blue colour for 
photometric measurements. It is well known that the 
perchloric acid concentration is quite critical and the 
usual practice of adding bismuth compounds was 
found unsuccessful in our other investigations. Fur- 
ther, the use of perchloric acid in the laboratory is 
becoming rarer, particularly in North America, ow- 
ing to its hazardous nature and the strict safety 
control required. 

Recently our laboratory was required to determine 
phosphorus in an unknown sample (refractory in 
nature), of concern in occupational hygiene. As 
usual, the sample was fused with sodium peroxide, 

but the melt could not be dissolved in perchloric acid. 
It readily dissolved in hydrochloric acid, however, 
and an attempt to develop the phosphomolybdenum 
blue in hydrochloric acid medium by addition of 
molybdate and hydrazine, followed by reduction with 
sodium sulphite, was successful. However, when this 
method was applied to phosphorus in iron ores it was 
found that the concentration of hydrochloric acid in 
the solution was important and needed investigation. 
An attempt was also made to replace the expensive 
vitreous carbon crucible by a zirconium crucible. 

EXPERIMENTAL 

Reagents 

Only reagents that need special preparation are men- 
tioned here. Others are given in the procedure. Pure distilled 
water is used throughout. 

Ammonium molvbdate solution, ZOall. To 500 ml of water, 
add cautiously and slowly 300. ml-bf sulphuric acid and 
cool. Add 20 g of ammonium heptamolybdate tetrahydrate 
[(NH,),Mo,O,,.4 H,O]. Stir to dissolve and dilute to 1 litre 
with water. 

Fusion bhnk. Dissolve 4 g of sodium peroxide in 40 ml of 
water. Add 30 ml of concentrated hydrochloric acid. Boil 
for 2 min. Cool and dilute to volume in a 100-ml standard 
flask. 

Hydrazine sulphate solution, 1.5 g/l. 
Molybdate-hydrazine sulphate solution. Add 50 ml of the 

ammonium molybdate solution to 100 ml of water, followed 
by 20 ml of the hydrazine sulphate solution, and dilute to 
200 ml. 

Sodium sulphite solution, 100 g/l. Prepared wth anhy- 
drous sodium sulphite. 

Standard phospfzorus solution. Dry anhydrous disodium 
phosphate (Na,HPOJ at 105”, cool it in a desiccator, then 
dissolve 0.2292 g of it in 200 ml of water. Dilute to volume 
in a I-litre standard flask. and mix. This is the standard ‘A 
50qg/ml phosphorus solution. Transfer 10.00 ml of this 
solution into a 50-ml standard flask, dilute to the mark with 
water and mix. This solution ‘B’ is the IO-pg/ml standard 
phosphorus solution for calibration. Note. Except for the 
first and last, the reagents should be prepared fresh as 
needed. 
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Table 1 

P content, Weight of Sample Fusion 
% sample, g aliquot, ml blank, ml 

0.~~*15 0.3 10.00 none 
0.15-0.50 0.1 10.00 none 
0.5~1.0 0.1 5.00 5.00 

Procedure 
Transfer the amount of test sample (weighed to &O. 1 mg) 

specified in Table 1 into a 50-ml zirconium crucible. Add 
2 g of sodium peroxide and mix with a dry stainless-steel 
spatula. Fuse over a burner, swirling the crucible until the 
melt is cherry red and clear. Remove from the heat and swirl 
until the melt solidifies on the wall of the crucible. Place the 
crucible in a dry 250-ml beaker and cool. Cover the beaker 
with a watch-glass and add about 10 ml of water to the 
crucible. When the reaction has ceased transfer the crucible 
contents into the beaker and wash the cover and crucible 
with water. Add 15 ml of concentrated hydrochloric to the 
crucible and thence into the beaker. Rinse the crucible with 
water and add the rinsings to the beaker. Boil for 2 min, 
cool, transfer the contents into a SO-ml standard flask. 
Dilute to volume with water and mix. Transfer an appropri- 
ate ahquot of the test solution and the fusion blank (Table 
1) into the same GO-ml beaker. Add 15 ml of sodium 
sulphite solution, mix and bring to the boil. Add 20 ml of 
molybdate-hydrazine sulphate solution, Bring to the boil 
then heat for 10 min in a boiling water-bath. Cool. Transfer 
to a 50-ml standard flask and dilute to the mark with water 
and mix. Within the next 2 hr measure the absorbance of the 
solution and of the calibration standards at 725 nm with 
water as the reference. Subtract the blank (see below) to 
obtain the net absorbance, and read off the weight of 
phosphorus from the calibration graph. 

% p=--- 
pg of phosphorus 

sample weight (g) x sample aliquot (ml) 

Calibration standards 
Into a series of five 150-ml beakers transfer lO.OO-ml 

portions of fusion blank solution and then 0,0.50 and 2.50 
ml of ‘B’ and 1.00 and 2.00 ml of standard ‘A’ phosphorus 
solution, corresponding to 0, 5, 2.5, 50 and 100 pg of 
phosphorus respectively. To each beaker add 15 ml of 
sodium sulphite solution, and continue from this point as 
described above for the test solution. Plot the net absorb- 
ance [obtained by subtracting the blank (0-pg P) absorb- 
ance] against pg of phosphorus in the coloured solution. 

RESULTS AND DISCUSSION 

Effect of hydrochloric acid concentration 

As mentioned earlier, the hydrochloric acid con- 
centration is important. Varying the volume of con- 
centrated hydrochloric acid added to the fusion melts 

Table 3. Effect of arsenic on phosphorus deter- 
mination 

P 
(certiticate As P 

Iron ore value), % added, % found, % 

NBS 690 0.011 - 0.009 
NBS 690 0.011 0.05 0.015 
NBS 693 0.056 - 0.056 
NBS 693 0.056 0.10 0.064 

obtained from synthetic mixtures and from NBS 692 
iron sample (0.04’% P), gave the results shown in 
Table 2. 

Table 2 demonstrates that the 15 ml of hydro- 
chloric acid used in the procedure is optimal, giving 
excellent precision for the synthetic solutions as well 
as for the reference standard iron ore sample. 

Effect of zirconium 

In our earlier study4 it was suspected that zir- 
conium would interfere, as zirconium phosphate is 
reported to be insoluble; hence the fusion with so- 
dium peroxide was done in a vitreous carbon cruci- 
ble. However, further investigation showed that fu- 
sion in a zirconium crucible gave the same results as 
those obtained by using a vitreous carbon crucible. 
The expensive ($70 each) vitreous carbon crucibles, 
which are also rapidly consumable (18 fusions at the 
most) can therefore advantageously be replaced by 
the relatively less expensive zirconium crucibles, 
which are suitable for several hundred fusions with 
sodium peroxide. Since zirconium does not interfere, 
titanium should not either, and it was later found that 
up to 6.4% of TiO, had no effect. 

Eflect of arsenic and silicon 

Normally the arsenic content of iron ores and 
concentrates is O.Ol’% or less, but its possible inter- 
ference was investigated with a much higher level. 
Two standard reference iron ores (NBS 690 and NBS 
693) were analysed with and without addition of 
arsenic. The results are given in Table 3, and demon- 
strate that arsenic causes a positive error, approxi- 
mately 0.01% of phosphorus per 0.1% of arsenic 
present. Thus the interference of 0.01% of arsenic is 
equivalent to only 0.001% of phosphorus, which lies 
well within the acceptable experimental deviation. 

Table 2. Effect of amount of hvdrochloric acid on absorbance at 725 nm 

Absorbance 
HCl, P, -- _... - 

ml MI 0 S 25 so 100 24* _. 
- 11 0.018 0.208 0.408 0.789 0.289 

13 0.002 - - 0.400 - 0.203 
15 O.OOlt 0.042t 0.203t 0.401 t 0.802t 0.193t 
18 0.001 - 0.204 0.400 - 0.192 
20 0.002 - - 0.402 - 0.173 

*NBS 692 (0.04% P). corresponding to 24 pg of phosphorus. 
tAbsorbance is an average of 4 independent replicates, with s = 0.0005. 
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Iron ore 

Table 4. Composition of iron ores and concentrates (%) 

Fe Si02 Al@3 Ti02 CaO MgG S P MnO 

BCS 302 
Japan 850- 1 
Japan 830-l 
Japan 800-l 
BCS 377 
NBS 690 
NBS 692 
BCS 303 
Minette 
BCS 378 
NBS 693 

35.5 
66.83 
60.63 
62.92 
52.5 
66.83 
59.58 
36 
32 
61.8 
65.11 

20.0 1.24 0.36 
2.6 0.55 0.09 
2.3 0.12 6.37 
2.6 2.01 0.09 
8.6 3.40 0.19 
3.13 0.20 0.022 

10.18 1.46 0.043 
17 7 0.3 
9 4 0.2 
5.2 0.80 0.12 
3.87 1.02 0.035 

3.3 1.07 0.12 0.71 - 
0.39 0.17 0.017 0.017 0.04 
0.70 2.17 0.006 0.125 0.66 
0.05 0.25 0.075 0.042 0.22 

10.8 1.1 0.083 0.31 0.65 
0.21 0.18 0.002 0.011 0.24 
0.026 0.035 0.005 0.039 0.46 

20 2 0.2 0.54 1.29 
16 2 0.1 0.66 0.26 
6.6 0.2 0.031 0.037 0.17 
0.016 0.013 0.005 0.056 0.91 

Table 5. Comparison of results 

Phosphorus, % 
Standard 
reference Certificate 
material value Found 

BCS 302 0.71 0.69 
BCS 303 0.54 0.53 
BCS 378 0.037 0.039 
Japan 800-l 0.042 0.043 
Japan 850-l 0.017 0.018 
BCS 317 0.31 0.31 
MINETTE 0.66 0.63 

Table 6. Precision and accuracy test 

Phosphorus, % 

Standard Found 
reference Certificate 
material value Day 1 Day 2 

Japan 830- 1 0.125 0.125,0.125 0.125,0.126 
NBS 690 0.011 0.009,0.009 0.009,0.009 
NBS 692 0.039 0.040,0.040 0.040,0.040 
NBS 693 0.056 0.056,0.056 0.056,0.056 

Silicon is also a possible (though improbable) source 
of interference, but up to 20% of SiOr was found to 
have no effect. 

Finally the procedure was tested on a number of 
standard reference iron ores and concentrates encom- 
passing a large variation both in matrix as well as 
phosphorus content. Table 4 lists the composition of 
the iron ores analysed and the comparative results are 
shown in Table 5. There is excellent agreement with 
the certificate values. The standard deviation was 
found to be less than 0.001% phosphorus (Table 6). 

The method has potential for further application 
for rapid determination of total phosphorus in 
effluents, sediments etc., without the use of perchloric 
acid. 
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Summary-A method based on extraction with polyurethane foam and determination by X-ray 
fluorescence has been developed for the determination of arsenic. Arsenic concentrations as low as 36 
pg/ml can be detected in 100 ml of aqueous solution. 

The extensive use of arsenic in agriculture, med- 
icine and industry, along with awareness of its car- 
cinogenic effects,’ has created a need to develop new 
methods and improve existing methods of arsenic 
determination at trace levels. Arsenic has been deter- 
mined by various techniques, including gas chro- 
matography,2 ion-exchange chromatography,3 activa- 
tion analysis,4 atomic-absorption spectrophotometry 
(AAS),5.6 and polarography,’ and the spectro- 
photometric method based on formation of a reduced 
arsenomolybdate complex is one of the recommended 
methods for trace levels.’ Formation and extraction 
of arsenomolybdate is the basis of an indirect atomic- 
absorption spectrophotometric method.‘*” The gen- 
eration of arsine by reduction with sodium tetra- 
hydroborate is often used prior to an atomic- 
absorption determination.6 

Although AAS has become the most popular tech- 
nique for arsenic determination,6 X-ray fluorescence 
(XRF) has also been used. Owing to the low sensi- 
tivity, however, a preconcentration step is necessary 
for the XRF analysis of water samples. In one 
procedure arsenic is extracted with ammonium pyr- 
rolidine dithiocarbamate into chloroform, followed 
by evaporation of the organic layer on a filter paper 
for the determination of arsenic by XRF,” and in 
another the arsenic is co-precipitated with di- 
benzyldithiocarbamate and collected on a membrane 
filter for XRF analysis.12 The use of molybdenum 
sulphide as co-precipitant has also been reported.13 

It has recently been shown that extraction by 
polyurethane foam can be used successfully in con- 
junction with XRF spectrometry for the deter- 
mination of trace elements.‘“16 This paper describes 
extension of this technique to determination of 
arsenic at trace levels. The method involves the 
formation of arsenomolybdate, its extraction by 
polyether-based polyurethane foam, and direct deter- 
mination on the foam by XRF. 

*Author for correspondence. 

EXPERIMENTAL 

Apparatus 

A Varian 634 UV-visible spectrophotometer was used to 
determine the arsenomolybdate complex in solution. A 
Fisher Accumet model 520 pH-meter was used when 
adjusting the acidity. The foam extractions were done with 
a multiple automatic squeezer and the arsenic on the 
polyurethane foam was determined with an energy- 
dispersive X-ray fluoresence system as described pre- 
vious1y.‘4 

Reagents 

An appropriate amount of arsenic oxide (As,O,) was 
dissolved m a minimum volume of 1 .OM sodium hydroxide, 
and the solution was acidified with dilute hydrochloric acid 
before dilution to the required volume. A O.OSM sodium 
molybdate solution and a solution containing 0.25 g of 
iodine and 0.4 g of potassium iodide per 100 ml were 
prepared in water. 

All chemicals were reagent grade, and the solutions were 
prepared with doubly distilled, demineralized water and 
stored in polyethylene bottles. A polyether-based poly- 
urethane foam sheet was obtained locally and cut into 
circular plugs (-2 cm in diameter, N 1.5 cm in height and 
weighing 0.125 f 0.005 g), with sharpened tubular bits. The 
foam plugs were washed as previously described.” 

Procedure 

An aliquot of solution containing not more than 0.35 mg 
of arsenic was transferred to a lOO-ml standard flask and 1 
ml of the iodine solution was added to oxidize As(II1) to 
As(V) [because As(III) does not form arsenomolybdate] 
followed by 20 ml of sodium molybdate solution. Water was 
then added to give a’volume of nearly 90 ml and the pH was 
adjusted to 1.5. After 10 min the solution was made up to 
volume with water. The arsenomolybdate was extracted into 
the polyurethane foam plug by squeezing the plug in the 
solution in an extraction cell for 1 hr, at constant tem- 
perature. The foam plug was then removed from the 
solution, washed with O.OlM hydrochloric acid and then 
water, and dried by squeezing between paper towels. The 
area of the arsenic K, peak was obtained by placing the 
foam plug on Mylar film stretched across the X-ray source 
and detector, accumulating the spectrum for 100 set and 
integrating the arsenic peak area over a fixed range of 
channel numbers. 

RESULTS AND DISCUSSION 

In the preliminary studies arsenomolybdate was 
extracted from aqueous solution under conditions 
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similar to those described by Simon and Boltz” 
except that polyether foam was used in place of the 
organic solvent. Spectrophotometric determination 
of arsenic in the aqueous sample before and after 
equilibration with the foam plug showed that the 
extraction was quantitative. A study in which foam 
plugs were squeezed for various times from 10 min to 
3 hr showed that equilibrium was reached in 30 min 
of squeezing. In all further studies the squeezing was 
done for 1 hr to ensure establishment of equilibrium. 

Optimum conditions for the determination were 
established by study of the effects of variables. 

The absorbance at 385 nm for a solution 
2 x lo-‘M in As(V) and 2.5 x 10m3M in MOO:- was 
found to be maximal between pH 1.3 and 2.0; a 
similar pH for the formation of arsenomolybdate was 
observed by Boltz and co-workers’,” whereas Yam- 
amoto et a/.” reported that the formation is quan- 
titative between pH 0.5 and 6.0. To establish the 
optimum pH-range of extraction a series of IOO-ml 
solutions which were 2 x 10m5A4 in As(V) and 
2.5 x 10e3M in MOO:- and at different pH values 
were equilibrated with foam plugs. The results are 
shown in Fig. 1, along with the results of two other 
experiments using higher initial molybdate concen- 
trations (0.005 and O.OlM). It is clear that the 
optimum pH-range for extraction varies with the 
initial molybdate concentration. However, as can be 
seen for molybdate concentrations ranging from 
2.5 x 10e3 to 1 x lo-*M, the extraction of arseno- 
molybdate by polyether foam is optimal between pH 
1.0 and 1.9. A pH of 1.5 was selected for further 
studies; the extraction of arsenomolybdate into vari- 
ous organic solvents has been reported to be optimal 
at different pH values.9s’9,20 This difference is due to 
the fact that the pH range for extraction of hetero- 
polymolybdates depends on the nature of the organic 
solvent. 

The effect of initial molybdate concentration was 
also studied by equilibrating a series of lOO-ml solu- 
tions, 2 x 10e5M in As(V), at pH 1.5 + 0.1 and con- 

70 - 

x * 
IO- 

Fig. 1. Effect of acidity on the extraction of arseno- 
molybdate. [MOO:-]: (I) 0.0025M; (0) 0.005M; (A) 

O.OlM. 

Fig. 2. Influence of initial molybdate: arsenic ratio on the 
extraction of arsenomolybdate. 

taining various amounts of sodium molybdate, with 
foam plugs. Figure 2 indicates that no detectable 
amount of arsenic was extracted with less than a 
15-fold ratio of molybdate to arsenic (V), but the 
extraction increased with molybdate concentration, 
becoming maximal and constant with a 55-fold or 
higher ratio of molybdate to arsenic. Although a very 
large excess of molybdate is usually recommended for 
the solvent extraction of heteropolymolybdates,21 the 
polyurethane foam-extraction of phosphomolybdate 
has been found to be quantitative even with only a 
25-fold ratio of molybdate to phosphorus.22 

To determine the concentration range for linear 
X-ray response, a series of lOO-ml solutions contain- 
ing 5&500 pg of arsenic was extracted. The results 
were linear up to 350 pg of arsenic and the deviation 
for larger quantities was most likely due to saturation 
of the foam. The detection limit, calculated as three 
times the standard deviation of the background, was 
5.7 pg/lOO ml (i.e., 57 ng/ml). The detection limit can 
be improved by using smaller foam plugs or larger 
volumes of sample solution. The results of one such 
study with small foam plugs showed a linear response 
up to 100 pg of arsenic and indicated a detection limit 
of 36 ng/ml under these conditions. It should be 
noted that the E.P.A. allowable limit for arsenic in 
drinking water is 50 ng/m1.23 More sensitive XRF 
equipment should reduce the detection limit to l-5 
ng/ml for this procedure. To estimate the precision, 

Table 1. Precision of the method 

Arsenic, pgglml 

Trial 2.50 0.50 

1 2.40 0.54 
2 2.51 0.51 
3 2.52 0.48 
4 2.46 0.49 
5 2.64 0.56 

mean 2.51 0.52 
0.09 

RSLS, % 3.6 
0.034 
6.6 
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Fig. 3. Effect of interferent:arsenic molar ratio on the 
determination of arsenic (0.5 /rg/ml). A Phosphate; 0 

silicate; + germanate. 

five lOO-ml solutions containing 250 or 50 pg of 
arsenic were analysed. The means found were 251 
and 52 pg, the standard deviations being 9 and 3.4 pg 
respectively, indicating good precision; as expected, 
the precision is better at the higher concentration. 

Since it was observed earlier that ~lyu~thane 
foam is also very effective for the extraction of 
phosphomolybdate, silicomolybdate and germano- 
molybdate,24 the effect of these heteropoly anions was 
studied. The criterion for non-interference was a 
change of less than 10% in the X-ray intensity for a 
given arsenic level when the test solution contained 
the potential interferent. Figure 3 shows the observed 
X-ray intensities of the arsenic K, radiation for 
various P/As, Si/As and Ge/As ratios at a fixed 
arsenic concentration (0.5 pg/ml). It is clear that up 
to IO-fold molar ratios of phosphate and silicate to 
arsenate do not interfere, whereas the germanate 
causes lOoA interference even when present in concen- 
trations only twice that of the arsenic. The positive 
deviation caused by the presence of germanate is due 
to the poor resolution of the XRF unit used, and 
should be eliminated by using a unit with higher 
resolution. In the presence of sufficient molybdate 
and acid in the aqueous phase, the amount of hetero- 
poly interferent that can be tolerated is limited by the 
size of the foam plug that can be effectively analysed 
by the instrument used. 

X-ray fluorescence in conjunction with the use of 
polyurethane foam for the preconcentration of 

arsenic as arsenomolybdate provides a simple method 
of arsenic determination. Although the method is less 
sensitive than some, the ease of operation, the low 
cost and the simultaneous multielemen~l capability 
of the XRF technique compensate for this. 
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Summary-An open wet decomposition procedure for trace element analysis of biological material has 
been worked out. It is based on the utilization of nitric acid, hydrochloric acid and hydrogen peroxide 
and is well suited for the determination of As, Bi, Cd, Cr, Hg, Pb, Sb, Se and Tl. For these elements the 
recoveries were examined by the radiotracer technique, with lichens, pine needles, grass and human hair 
as representative biological samples. In addition to the conventional labelling technique, use was also made 
of in situ labelling. In all cases, recoveries between 93 and loo’? were achieved, which are adequate for 
quantitative trace element analysis. 

Most of the powerful determination methods for 
trace element analysis of biological and environ- 
mental material require decomposition of the sample. 
Because of the danger of losses, biological samples 
for the determination of toxic elements, especially of 
mercury, have usually been decomposed in closed 
systems,‘-3 or in open systems coupled with means of 
trapping the volatile elements.%’ In many instances, 
simple, open decomposition procedures would be of 
advantage. One wet decomposition method6 provides 
quantitative recoveries of mercury, but the resulting 
chloric acid medium is often not suitable for the 
procedures used for the determination. 

In an earlier study of the pre-atomization losses of 
mercury in graphite tube atomic-absorption spec- 
trometry,’ it was proved that losses from hydro- 
chloric acid/hydrogen peroxide and nitric acid/ 
hydrochloric acid/hydrogen peroxide mixtures at 
temperatures up to 22G250” are undetectable. On the 
basis of the stabilization effect of these media, a 
simple wet decomposition procedure for the deter- 
mination of mercury and a number of other elements 
in biological materials has been developed and is 
described in the present paper. 

EXPERIMENTAL 

Chemicals and apparatus 

The concentrated nitric acid and hydrochloric acid used 
were of “suprapur” grade and the 30”/, hydrogen peroxide 
was of “pr6 analysi”-grade (Merck). The ;adiitra&rs “0, 
‘%e, 76As. “%b and 203Hg were prepared by neutron- 
activation, in the FRG-2- reactor; fiorschun-gszentrum, 
Geesthacht (thermal neutron flux = lOI n. cm-*. set-‘), of 
the residues from evaporation of solutions of suitable 
compounds of the elements in “suprasil” quartz ampoules 
(Heraeus). The specific activities (pCi/pg) at the end of 
irradiation were 0.5 for 51Cr, 0.06 for “Se, 52 for 76As, 30 
for ‘%b and 0.4 for *03H g. After irradiation, the ampoules 
were opened and the followmg solutions prepared: a hydro- 

chloric acid solution of 5’Cr, 76As and ‘*%b; a water solution 
of 75Se: a nitric acid solution of *03He. The radiotracer ‘09Cd 
was supplied by NEN Chemicals G&bH, Dreieich, F.R.G., 
as a hydrochloric acid solution with a specific activity of 
354pCi/pg. 

The radiotracers *O*Tl, *03Pb and ‘06Bi were prepared by 
irradiation of HgO, Tl and Pb targets with protons at 22, 
20 and 25 MeV, the nuclear reactions being *O*Hg(p, n)*O*Tl, 
*“Tl(p, n)*03Pb and *06Pb(p n)206Bi, respectively. The irra- , 
diations were performed at the isochronous cyclotron at the 
Nuclear Research Centre, Karlsruhe. Solvent extraction was 
used for the separation of *03Pb from the thallium matrix 
and of *06Bi from the lead matrix; *‘Tl was isolated from the 
mercury matrix by ion-exchange. 

The radioactive purity of the radiotracers was checked by 
y-ray spectrometry, and in no case could any impurity be 
determined. In the radiotracer experiments, a single-channel 
analyser (Berthold, Wildbad, F.R.G.) with a well-type 
NaI(Tl)-detector and a high-resolution y-ray spectrometer 
consisting of an Ortec Ge(Li)-detector and a Canberra 
multichannel analyser were used for counting. 

The in situ labelling of lichens, hair, grass and pine needles 
was achieved by their irradiation at the nuclear reactor with 
the neutron flux given above. 

Decomposition procedure 

A sample weighing about 0.2 g is placed in a 25-ml 
Eilenmeyer flask and heated with 3 ml of concentrated nitric 
acid and 0.15 ml of concentrated hydrochloric acid at 120” 
for 5-10 min. During the heating, 0.14.2 ml of 30% 
hydrogen peroxide is added dropwise. After the major part 
of the organic matter has dissolved, 1.5 ml of concentrated 
hydrochloric acid is added and the temperature is increased 
to 180”. During the evaporation, 0.1-0.2 ml of 30% hydro- 
gen peroxide is again added dropwise. The evaporation is 
stopped when the residual solution has a volume of about 
0.5 ml (there must be no evaporation to dryness!), and this is 
then taken up with 3 ml of concentrated hydrochloric acid. 
This solution is evaporated again, with dropwise addition of 
0.1-0.2 ml of 30% hydrogen peroxide, until about 0.5 ml 
remains. The residue is then taken up with 6M hydrochloric 
acid, but other concentrations can also be used. 

For larger amounts of sample the reagent volumes must 
be correspondingly increased. Sample amounts up to 0.5 g 
were examined. In the radiochemical neutron-activation 
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Table 1. Recoveries in the decomposition of lichens, 
obtained by conventional and in situ labelling 

Yield, % 

Element/ Conventional In situ 
radioisotope labelling labelling 

As/‘~As 97.7 * 1.0* 97.6 + 0.99 
99.1 k 0.6t 
98.8 f 3.0* 
92.6 k 1.4* 
93.0 + 2.8t 

Cd/“5Cd 95.5 + 0.q 
co/@Co 100.4 + 2.03 
Cr/5’Cr 100.4 * 2.2t 94.7 * 0.53 
Cs/Ws 93.7 & 2.31 
Fe/59Fe 97.0 * 0.43 
Hg/ro3Hg 93.0 k 2.3* 93.3 + asp 

94.4 * 1.ot 
Pb/203Pb 99.6 k 0.2* 
Sb/‘*%b 98.6 k 4.3* 98.6 + 3.9$ 

99.7 f 1.3t 
scpsc 95.0 f 2.71 
Se/'?3e 95.1 * 3.1* 95.3 + 1.Q 

94.1 + 1.8t 
Tl/=‘*Tl 100.0 f 1 .ot 
Znlb5Zn 99.0 + 1.41: 

*Carrier-free radiotracer used. 
TRadiotracer contained 100 ng of carrier. 
SPretreatment of the samples with dilute solutions of 

Se(W), As(V), Cd(H) and Hg(I1) before the irra- 
diation. 

$IP situ labelling of the original material without 
pretreatment. 

analysis, the irradiated sample 1s decomposed in the opened 
quartz ampoule and six times greater reagent volumes are 
used, after addition of carrier. 

Tracer experiments 

The yields for the elements As, Bi, Cd, Cr, Hg, Pb, Sb, 
Se and Tl were checked by the radiotracer technique in the 
following ways. First, the decomposition was performed on 
inactive lichen material to which the appropriate radiotracer 
(carrier-free and with 100 pg of carrier) was added. After 
decomposition, the resulting hydrochloric acid solution was 
centrifuged at 3000 rpm for 10 min, and a 5-ml portion was 
measured either withthe single-channel analyser (if labelled 
with a single radioisotope) or with the y-ray spectrometer (if 
labelled with several radioisotopes simultaneously). 

In the second mode of labelling, the wet ashing was done 
on neutron-irradiated lichens, hair, grass and pine needles. 
In the case of lichens, grass and pine needles, before 
activation the homogenized material was treated with dilute 
solutions of Se(IV), As(V), Cd(I1) and Hg(I1) and then dried 
under an infrared lamp. After the irradiation, the ashing 
procedure was applied and the yields of the different ele- 
ments were determined by measurmg the resulting solutions 
as above. 

RESULTS AND DISCUSSION 

The proposed decomposition procedure was in- 
vestigated, grass, pine needles, lichens and human hair 
being used as representative biological materials. For 
the determination of the recoveries, the radiotracer 
technique proved to be best. 

In addition to conventional labelling by addition of 
a small portion of a radiotracer solution to the test 
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material before the decomposition, in situ labelling by 
irradiation of the biological materials with reactor 
neutrons before the decomposition was also used. 
Because the content of As, Se, Cd and Hg in lichens, 
grass and pine needles was at the detection limits of 
the activation y-ray spectrometry technique or below, 
in a series of experiments the content of these ele- 
ments was increased by a pre-irradiation treatment of 
the original material with dilute solutions of the 
corresponding ions of the elements. The amounts of 
carrier taken up by a sample portion of 150 mg were 

pproximately 1 pg for As, 10 pg for Se and Hg, and 
60 pg for Cd. 

The results obtained are summarized in Tables 1 
and 2, and are the mean values of at least three 
separate determinations (the corresponding mean 
deviations are also given). They show that, in all the 
experimental modes, the recoveries and their devi- 
ations meet the requirements for quantitative trace 
element analysis. Some important aspects are dis- 
cussed in more detail below. 

In the case of lichens, pine needles and grass, a very 
slight residue remained after the centrifugation, but it 
contained no detectable amount of any of the ele- 
ments in question. In addition, the radiotracer experi- 
ments proved that there was no detectable adsorption 
of the test elements on the vessel walls. Complete 
decomposition of hair samples was achieved, and 
direct visual observation indicated similar behaviour 
for wood, blood and bovine liver, but these materials 
were not examined by the radiotracer technique. 

Comparison of the results obtained by the con- 
ventional labelling method for carrier-free radio- 
tracers and radiotracers containing 100 pg of carrier 
showed that varying the amount of the elements did 
not cause deviations greater than the mean deviations 
of the yields. 

Since the chemical form of the radiotracers at the 
beginning of the decomposition was different for the 
two labelling modes, and probably also in the various 
matrices after the in situ labelling, the results pro- 

Table 2. Recoveries obtained in the decomposition of hair, 
grass and pine needle samples, with use of in situ labelling 

Yield, % 

Element/ Pine 
radioisotope Hair* Grass? Needlest 

As/16As 96.1 _+ 1.2 96.0 k 1.8 
Cd/‘15Cd 95.7 k 2.6 94.5 * 3.4 
Co/@Co 101.0 f I.2 
Cr/“Cr 94.1 * 1.3 
Fe/59Fe 100.2 + 0.8 
Hg/‘O’Hg 93.5 + 1.6 94.6 + 1.6 94.2 k 2.8 
Sb/‘*%b 96.7 k 4.5 
Se/75Se 92.3 f 3.9 95.8 + 2.1 94.3 f 3.0 
Zmb5Zn 98.7 + 0.5 

*In situ labelling of the original material without pre- 
treatment. 

tpretreatment of the samples with dilute solutions of Se(IV), 
As(V), Cd(U) and Ha(B) before the irradiation. 



SHORT COMMUNICATIONS 309 

vided some information about the effect of the chem- 
ical state of the elements on their recoveries. The 
results given in Tables 1 and 2 indicate that the 
chemical form does not affect the recovery of arsenic, 
cadmium, mercury, antimony and selenium, where 
the mean yields for the two modes of labelling the 
lichens (Table 1) and for the in situ labelling of hair, 
grass, and pine needles (Table 2) agree well each with 
other. In the case of chromium, there is excellent 
agreement between the results from in situ labelling of 
lichens (94.7 + 0.5%) and hair (94.1 + 1.3x), but 
significantly higher recovery (100.4 f 2.2%) was ob- 
tained if the chromium tracer containing 100 pg of 
carrier was added as Cr(II1) in dilute hydrochloric 
acid to lichens. The in situ labelling could not be 
applied for thallium, lead and bismuth, since no 
suitable indicator radionuclides were produced from 
these elements by neutron activation. 

The recovery results for mercury are in good 
accordance with the results obtained in a study of 
pre-atomization losses in graphite tube atomic- 
absorption spectrometry, in which quantitative re- 
coveries were obtained with the decomposition sys- 
tems hydrochloric acid/hydrogen peroxide and 
hydrochloric acid/nitric acid/hydrogen peroxide at 
pretreatment temperatures up to above 200”. They 
show that this open decomposition procedure is also 
well suited for decomposition of biological materials 
for the determination of mercury, which must nor- 
mally be performed in closed systems. 

In the decomposition of some materials such as 
metals, considerable losses of arsenic have been ob- 
served in spite of the presence of an oxidizing me- 
dium.‘,’ The high recoveries for arsenic in this work 
(96.0-99.1%) show that the oxidation power of the 
;nitric acid/hydrochloric acid/hydrogen peroxide me- 
dium used in the procedure is sufficient to convert the 
arsenic of the biological materials into the stable 
quinquevalent form. 

Losses of antimony by formation of difficultly 
soluble compounds and/or adsorption on the vessel 
walls have been reported for some decomposition 
systems,” but we did not observe any when using the 
present procedure. 

Recovery data for Co, Cs, Fe, SC and Zn obtained 

by the in situ labelling technique for lichens and hair 
are also given in Tables 1 and 2. 

It is worth mentioning that the hydrochloric acid 
solution obtained is, in general, well suited for the 
further separation, preconcentration and deter- 
mination step. However, the procedure is suitable for 
the decomposition of only certain types of biological 
materials, such as plants. For example, it cannot be 
used for the decomposition of fats. Further, the yields 
of the elements in the resulting solutions are given 
with regard to the total amounts but not to their 
chemical forms. Only for mercury in the decom- 
position of lichens was the degree of mineralization 
in the sample solution checked by ion-exchange, and 
the separation yields indicated that all the mercury 
was present in the solution as Hg2+. Because of the 
somewhat higher reagent volumes used in the present 
open technique the reagent blanks are expected to be 
higher than those for the closed decomposition sys- 
tems. Therefore, all three reagents used should be of 
highest purity (e.g., the acids obtained by sub-boiling 
distillation” and the hydrogen peroxide by low- 
temperature vacuum sublimation’2) and the decom- 
position should be carried out at a clean-bench, when 
extremely low contents are to be determined. 
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ANNOTATION 
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Sammary-Sulphur in a number of steel reference materials has been determined by isotope-dilution mass 
spectrometry, utilizing both open-beaker and sealed-tube dissolution techniques. It is confirmed that the 
sulphur present in most samples can be completely converted into sulphate by the conventional 
open-beaker dissolution technique. The results on reference materials are in good agreement with the 
certified values for BCS samples and the recent or revised certified values for JSS and NBS samples. It 
is found that the sulphur concentration in the vicinity of the surface of the sample chips is higher than 
the average and that a significant amount of elemental sulphur is present on most chip samples. The ratio 
of elemental suluhur to average sulohur content tends to vary in proportion to the manganese content 
when this is less’ than 1%. - * 

Sulphur in steels, even at trace levels, has a delete- 
rious influence on their mechanical properties so a 
rapid and accurate determination of sulphur is indis- 
pensable for production control in steel-making. In- 
strumental techniques are commonly used for the 
purpose. As the accuracy depends largely upon the 
standards used for calibration of the instruments, 
certified reference materials (CRMs) play an ex- 
tremely important role in the analyses. The barium 
sulphate gravimetric method, despite its lack of sensi- 
tivity, has long been used for evaluation of the 
sulphur content in CRMs. For its accurate deter- 
mination by this method, all the sulphur must be 
converted into sulphate and recovered as barium 
sulphate. An isotope-dilution mass spectrometric 
(IDMS) method has been developed for the accurate 
and precise determination of sulphur in heat-resisting 
alloys and steels,’ but here again all the sulphur must 
be converted into sulphate. It must also be mixed 
thoroughly with the spike (enriched 34S) since the 
spike used is in the form of sulphate because the rate 
of isotopic equilibration between different chemical 
forms is normally too slow for other forms to be used 
for the determination: it takes more than several days 
to attain isotopic equilibration between sulphate and 
sulphide, even at 300” and 1000 bars.* 

Recently, Paulsen et al. have developed an isotope- 
dilution spark-source mass spectrometric procedure 
(IDSSMS) for the accurate determination of sulphur 
in iron-base alloys;3 they used a sealed-tube dis- 
solution technique to prevent volatilization losses and 
to effect isotopic equilibration. They found that there 
was a significant loss of sulphur during open-beaker 

dissolution for particular low-alloy steels! We have 

also employed the sealed-tube dissolution procedure 
for several low-alloy steel Standard Reference Mate- 
rials (SRMs) from the National Bureau of Standards 
(NBS)’ and confirmed that use of the open-beaker 
dissolution for SRMs 362 and 364 yields low sulphur 
results. We found that part of the sulphur present in 
these samples was lost as sulphur dioxide during the 
dissolution, and suggested that when the sealed-tube 
dissolution technique is used, any sulphur dioxide 
evolved in the closed vessel is absorbed and oxidized 
to sulphate by the acid mixture at high temperature 
and pressure. 

It is important to know whether the use of the 
open-beaker dissolution technique always yields low 
results, because the gravimetric method currently in 
use is based on open-beaker dissolution. We have 
applied both the sealed-tube and the open-beaker 
dissolution techniques to a number of steel reference 
materials from British Chemical Standards (BCS), 
Japanese Standards of Iron and Steel (JSS) and NBS, 
including the samples which we reported on earlier.6 
All the results obtained by the use of both dissolution 
techniques agree well with each other except for NBS 
SRMs 362 and 364. 

The cause of our earlier low results for reference 
materials in comparison with the certified values6 has 
now been traced to our treatment of the samples 
before analysis: the sample chips were rinsed with 
water, ethanol and acetone, and then dried at 80”. We 
have now found that a significant amount of elemen- 
tal sulphur, which can easily be removed by the 
rinsing, is present on the surface of most steel chip 
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samples, and have investigated the origin of this 
elemental sulphur. 

EXPERIMENTAL 

Reagents 
Analytical-reagent grade chemicals were used. 
Spike solution_ Fifteen mg of 94% enriched “S isotope 

(Oak Ridge National Laboratory) was dissolved in a mix- 
&e of 2 ml of concentrated nitric acid, 1 ml of concentrated 
hydrochloric acid and 0.1 ml of bromine. One ml of 10% 
potassium hydroxide solution was then added and the 
solution evaporated to dryness. The residue was dissolved 
and diluted to volume with water in a lOO-ml standard flask, 
and standardized by IDMS with a standard potassium 
sulphate solution (of natural isotopic composition) prepared 
by weight. 

Reducing solution. Hydriodic acid (500m1, 57% w/v), 
hypophosphorous acid (245 ml, 50% w/v) and hydrochloric 
acid (813 ml, 36”% w/v) were mixed.7 Any sulphur com- 
pounds present in the mixture were removed by refluxing in 
a stream (80ml/min) of pure nitrogen (99.999% pure) for 
1 hr before use. 

Apparatus 

Isotopic analysis of sulphur was performed with a CEC 
21-103C mass spectrometer equipped with a Cary 401 
vibrating reed electrometer and a recorder. 

Spectrophotometric determination of elemental sulphur 
was done with a Hitachi model 200 double-beam spec- 
trophotometer. 

Procedures 

Determination of sulphur by IDMS. The analytical pro- 
cedure used in this study is slightly different from the one 
used in previous work.‘,6 The amount of acids used for the 
sample dissolution is decreased; the spike solution is added 
before the sample dissolution; the combustion procedure for 
conversion of silver sulphide into sulphur dioxide is 
simplified. 

Sample dissolution in an open beaker. To 0.5-l .5 g of 
sample in a 200-ml beaker, a weighed aliquot of the spike 
solution, 0.3 ml of bromine, 4 ml of concentrated nitric acid 
and 2ml of concentrated hydrochloric acid were added. 
After the sample had been left for about 30min at room 
temperature, 0.2ml of bromine and 2ml of concentrated 
hydrochloric acid were added. Then the sample was heated 
on a hot-plate at 80” till the sample had completely dis- 
solved. If dissolution was incomplete, several drops of 
hydrofluoric acid were added. The solution was evaporated 
to dryness on a hot-plate at 200”. Nitrogen oxides were 
removed by repeated evaporation with 4-ml portions of 
concentrated hydrochloric acid. The residue was finally 
dissolved in 4ml of concentrated hydrochloric acid. 

Sample dissolution in a borosilicate-glass sealed tube. The 
procedure is described in detail elsewhere5 and is similar to 
the one used by Burke et al4 so is described here only briefly. 

A weighed aliquot of the spike solution was added to 0.5 g 
of sample in a glass tube (15 mm outside diameter, 2 mm 
wall thickness and 30 cm long) sealed at one end. The tube 
was placed in a slush of solid carbon dioxide and ethanol 
to freeze the contents. Seven ml of concentrated nitric acid 
and 3 ml of concentrated hydrochloric acid were added and 
the tube was sealed in an oxygen-gas flame and placed in 
a stainless-steel shell with about 20 g of solid carbon diox- 
ide. The shell was heated in an oven at 180-200” overnight. 
After cooling, the tube was placed in the slush to freeze the 
sample solution. 

The tube was then moved into liquid nitrogen, scored and 
opened. After gradual thawing at room temperature, the 
solution was transferred to a 200-ml beaker. Nitrogen 
oxides were removed as described above. 

Reduction of sulphate. Twenty-five ml of the reducing 
mixture were transferred to a 300-ml round-bottomed flask 

fitted with a reflux condenser, and boiled for 1 hr while a 
stream of pure nitrogen at a flow-rate of 80ml/min was 
passed through the system. After the solution had cooled, 
the spiked sample solution was added to the flask and the 
mixture was again refluxed for 1 hr, with passage of nitro- 
gen. The hydrogen sulphide evolved was carried by the 
nitrogen stream through water and then absorbed in a 
mixture of 2ml of O.lM cadmium acetate and 40ml of 
water. Cadmium sulphide was finally converted into silver 
sulphide by addition of 3 ml of O.lM silver nitrate. After 
coagulation by heating, the silver sulphide was filtered off on 
a tightly packed quartz-wool plug inserted in a quartz tube 
(15 mm outside diameter and 5 cm long, drawn out at one 
end). The precipitate was washed with water, ethanol and 
then acetone. A tuft of quartz wool was inserted into the 
wider end of the tube and the precipitate was dried in an 
oven at 120”. 

Combustion of silver sulphide. The quartz tube was in- 
serted into a second quartz tube (18 mm outside diameter 
and 15 cm long) sealed at one end. The outer tube was then 
attached to a vacuum line by means of a vacuum-tight 
Cajon union (Cajon Co., Solon, Ohio). The tube was flamed 
under a presure of about 3 x 10e4 Pa for 10 min to remove 
any volatile compounds, then oxygen was introduced into 
the tube to give a pressure of about 3 x lo4 Pa. The 
precipitate was heated with a four-burner oxygen torch to 
about 1000” until the black silver sulphide could no longer 
be seen; this took about 1 min. The sulphur dioxide evolved 
was collected in a U-tube cooled with liquid nitrogen, more 
volatile products being pumped off. The sulphur dioxide 
was then cryogenically transferred to a sampling bottle for 
subsequent mass spectrometric analysis. 

Determination of elemental sulphur on sample chips. T’hls 
procedure is a modification of the one used by Karen’ for 
the determination of elemental sulphur in ore. 

Five ml of chloroform were pipetted into a 20-ml stan- 
dard flask which contained 3-5 g of sample chips. The 
sample was subjected to ultrasonic radiation for 1 min. The 
absorbance of the solution was then measured at 265 nm. 

RESULTS AND DISCUSSION 

Sulphur in 23 steel reference materials from BCS, 
JSS and NBS was determined by IDMS, with both 
the open-beaker and sealed-tube dissolution tech- 
niques, and the results were then compared. No 
significant discrepancy between the results obtained 
by the two dissolution techniques was observed for 
most samples, with the notable exception of the 
low-alloy steel NBS SRMs 362 and 364: the results 
obtained for these by the open-beaker dissolution 
were significantly low. The results are shown in Table 
1, the “open-beaker” results are included in calcu- 
lation of the averages except for NBS SRMs 362 and 
364. It seems that sulphur in most steel samples can 
be completely converted into sulphate by the con- 
ventional open-beaker dissolution technique; how- 
ever, it might be desirable to check whether there is 
a loss of sulphur during the dissolution, by using a 
completely reliable technique such as the sealed-tube 
dissolution when sulphur in a new sample has to be 
determined. 

The IDMS results are generally in good agreement 
with the recent or revised certified values for JSS and 
NBS, and in excellent agreement for BCS samples 
irrespective of the year of certification. Our previous 
suggestion6 that there was systematic bias in 
the methods of standardization of BCS, JSS and 



ANNOTATION 313 

Table 1. Determination of sulphur in steel reference materials and elemental sulphur on the samples 

Average IDMS values, 
Certified values lcgigt Elemental Mn content, 

sulphur, (certified 
Sample Year % (as received) (rinsed) IGig value, %) 

NBS 
32e, Ni-Cr steel 1957 0.021 204 180 18 0.798 
33d, Ni-Mo steel 1955 0.010 94.2 90.0 3 0.537 
72f, Cr-Mo steel 1957 0.024 219 206 17 0.545 
133a, Cr-Mo steel 1956 0.329 3300 2720 594 1.03 
361, low-alloy steel 1970 0.017* 144 132 14 0.66 
362, low-alloy steel 1970 0.038 359 3589 0 1.04 
363, low-alloy steel 1970 0.009* 67.5 64.4 2 1.50 
364, low-alloy steel 1971 0.029; 251 2464 3 0.25 
365, electrolytic iron 1970 0.006* n.d. 56.1 0 0.0056 

BCS 
211/l, 13% Cr rustless steel 1958 0.032 316 310 0 0.32 
219/4, Ni-Cr-Mo steel 1977 0.027 267 257 5 0.81 
232/2, carbon steel 1970 0.126 1250 1200 57 1.18 
241/2, 9.9% W high-speed steel 1968 0.025 234 216 11 0.27 
402, low-alloy steel 1971 0.023 245 236 8 0.19 
403, low-alloy steel 1971 0.036 363 350 6 1.69 
455, mild steel 1974 0.061 620 618 0 0.09 
495, 13% Mn steel 1972 0.014 138 125 6 13.6 

JSS 
152-4, alloy steel 1971 0.022 195 189 7 0.42 
242-5, carbon steel 1973 0.03 1 303 281 4 0.72 
508-2, Ni-Cr steel 1968 0.017 157 151 4 0.49 
150-7, low-alloy steel 1979 0.034 328 n.d. 3 0.11 
15 l-7, low-alloy steel 1979 0.017 164 n.d. 13 1.48 
152-7, low-alloy steel 1979 0.043 425 n.d. 30 0.42 
150-6, low-alloy steel7 1979 0.035 348 - - 0.11 
151-6, low-alloy steely 1979 0.017 166 - - 1.48 
152-6, low-alloy steel1 1979 0.043 440 0.42 

nd. = not determined. 
*Most recent certified values4 are 0.015% for SRM 361,0.0068% for SRM 363,0.025% for SRM 364 and 0.0056% for SRM 

365. 
tAverage for two or more determinations; relative standard deviation better than 1%. 
PThe results obtained by the open-beaker dissolution are 301 pg/g for SRM 362 and 213 rig/g for SRM 364. 
YDisk samples for spectroscopic analysis. 

NBS is now seen to arise from our rinsing of the 
samples. 

In an attempt to explain the discrepancy between 
our earlier IDMS results and theirs, Burke et al. 

suggested4 that there was a possibility of loss of 
sulphur during dissolution before the addition and 
equilibration of the 34S spike, if the spike was added 
after the sample dissolution. However, it is sulphate 
sulphur that is determined by the IDMS, since the 
spike used is in the form of sulphate, and if there were 
losses of sulphur as volatile compounds during the 
open-beaker dissolution, it would be impossible to 
determine them by IDMS even if the spike was added 
before the sample dissolution. We have observed no 
significant difference between the results obtained, 
whether the spike was added before and/or after the 
dissolution, for both the open-beaker and the sealed- 
tube dissolution techniques. Addition of the spike 
before sample dissolution may be preferable to pre- 
vent loss of sulphate in the sample solution by 
spillage before the isotopic equilibration. 

In attempts to trace the cause of the discrepancy 
between the two sets of IDMS results, we found that 
a significant amount of elemental sulphur was present 
on the surface of most sample chips, and that this was 
easily removed by rinsing with ethanol and acetone. 

Figure 1 shows absorption spectra for elemental 
sulphur dissolved in chloroform and for chloroform 
in which chip samples had been soaked for about 
1 hr. These spectra strongly indicate the presence of 
elemental sulphur on the steel surface, and show that 
it can be determined spectrophotometrically after 
extraction into chloroform. 

In the 5th column in Table 1, the results obtained 
by IDMS for the rinsed samples are shown. The 
difference between the two sets of IDMS results for 
each sample (as received and rinsed) is in good 
agreement with the spectrophotometric result for 
elemental sulphur. 

To examine the origin of the elemental sulphur on 
the chip samples, we prepared sample chips from 
low-alloy steel disks (JSS spectroscopic standards) 
with a shaper. Spectrophotometric examination of 
these sample chips soon after they had been prepared 
showed no elemental sulphur on their surface, but 
five months after the preparation, elemental suiphur 
was observed; during that time the sample chips had 
been stored in a weighing bottle in a desiccator. 

To obtain the depth distribution of sulphur in the 
prepared sample chips, they were dissolved stepwise 
with a mixture of concentrated nitric and hydro- 
chloric acids and bromine under ultrasonic radiation 
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Fig. 1. Absorption spectra of elemental sulphur in chloro- 
form and the chloroform extract of some steel reference 
materials: 1, elemental sulphur (30 pg/ml); 2, BCS 241/2 
(4.9 g); 3, NBS SRM 32e (2.9 g); 4, JSS 242-S (5.5 g); 5, NBS 
SRM 364 (5.5 g) 6, elemental sulphur (4 pg/ml). Recorder 
ensitivity factor: 1, x 1; 2, x 2; 3, x 2; 4, x 5; 5, x 5; 

6, xl. 

and the sulphur in each fraction dissolved was deter- 
mined by IDMS; the results are shown in Fig. 2. The 
concentration of sulphur near the sample surface is 
very high, but decreases rapidly with depth, becoming 
considerably lower than the average content. We also 
examined the distribution of sulphur in some of the 
standard chip samples in the same manner, and 
obtained similar results: the sulphur concentration in 
the vicinity of the surface is extremely high. It seems 
that sulphur in steels tends to migrate to the surface 
during the preparation of chips by cutting. 

Most of the sulphur in steels is known to be present 
in the form of iron sulphide and manganese sul- 
phide? It is therefore assumed that the metal sul- 
phides migrate to the surface and are gradually 

AVERAGE 

SAMPLE DISSOLVED (wt %I 

Fig. 2. Depth distribution of sulphur in the prepared sample 
chips: low-alloy steel JSS 151-6 (S 166 pg/g). 

MANGANESE CONTENT (wt %) 

Fig. 3. Relationship between elemental sulphur on the chip 
samples and manganese content (less than 1%). 0 BCS 

samples; 0 JSS samples; l NBS SRMs. 

oxidized by atmospheric oxygen to elemental sul- 
phur: 

2MS + 02+2M0 + 2s 

The free-energy changes of this reaction are 
AG = - 36.9 kcal/mole for manganese sulphide and 
AG = -35.4 kcal/mole for iron sulphide,iO so it can 
take place spontaneously. In Fig. 3 the ratio of the 
elemental sulphur to average sulphur content for each 
sample is plotted against the manganese content. The 
elemental sulphur on the surface tends to vary in 
proportion to the manganese content if this is less 
than 1% (correlation coefficient 0.69); this suggests an 
intimate connection between sulphur and manganese. 
Although the amount of the elemental sulphur may 
depend largely upon the surface area of the sample. 
we did not examine this factor in the study reported 
here, because the steel reference materials are rela- 
tively of uniform size. Similar results have been found 
by Yasuda ” in work on standards for X-ray 
fluorescence spectrometry. who found that the X-ray 
signal for sulphur increased with increasing man- 
ganese content. He attributed this to differences in 
size and shape of the MnS particles, but it may 
equally be due to the migration effect reported here. 
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Summary-An unconventional coulometric method, based on electrolysis at controlled potential by means 
of discrete charge-pulses, with end-point detection obtained by mathematical linearization of poten- 
tiometric data, has heen applied to various systems. The results appear very satisfactory: very weak acids 
can be determined with high accuracy; in the case of precipitation reactions the selectivity is high enough 
to allow titration of the components of halide mixtures; for homogeneous redox systems some problems 
caused by irreversibility at the indicator electrode are overcome. 

An improved method for coulometric titrations, de- 
vised to provide selectivity in the separation and 
determination of metals that can be electro- 
deposited, was proposed in Part I of this series.’ 

The method is based on electrochemical titration 
reactions performed at controlled potential by means 
of discrete charge-pulses, the end-point being located 
by means of a mathematical linearization of the 
potentiometric data, which is analogous to Siiren- 
sen’s method’ for conventional titrations. 

Since the proposed technique, like other con- 
ventional and unconventional coulometric meth- 
ods,3,4 appears to be suitable for application to a 
wider field, other types of titration have been exam- 
ined and the results obtained with acid-base systems, 
precipitation reactions and a particular type of ho- 
mogeneous redox reaction are reported here. 

EXPERIMENTAL 

Titrations were done with the potentiostatic system al- 
ready described;’ it was generally used in a “three-electrode” 
configuration, and connected to a potentiometer equipped 
with a printer. For acidimetric determinations, however, a 
“four-electrode” configuration was used, with a glass elec- 
trode for potentiometric detection, and an Ag/AgCI elec- 
trode as reference electrode, both for electrolytic and poten- 
tiometric conditions (see Fig. 1). 

All measurements were made at 25” on l&20 ml samples. 
Analytical grade reagents were used. The background elec- 
trolytes were chosen so that 100% current efficiency and fast 
equilibration of the indicator electrode were obtained. For 
the determinations of acids, potassium chloride was used in 
large excess (lOO-fold ratio to the test species) and a mixture 
of potassium sulphate and sulphuric acid at pH l-2 for 
redox systems. For halide determinations potassium nitrate 
was employed, to prevent co-precipitation effects,s the pH 

*Part I-Tulanta, 1984, 31, 123. 
tAuthor for correspondence. 

being adjusted with ammonia and acetic acid to values 
suitable for the different species titrated. 

Other experimental conditions and details of the poten- 
tiometric data treatment were given in previous papers.1+6 

I IA+ 
Reference 

L 

Controlled 
Potential 

Charge 
Pulses 

Generator 

c;ounter 

Mogn .Stlrrer 

T 
Fig. 1. Apparatus for controlled-potential pulsed-charge 
coulometric titrations with potentiometric equivalence point 
determination: block scheme for acidimetric determinations 
with “four-electrode configuration” (glass indicator elec- 

trode). 
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Table 1. Acidimetric titrations 

Acid* 

Concentration Coulombs required 
in cell, Correlation 

M Theoretical Found 90% Confidence limits coefficient Error,% 

HCI 1 x 1o-4 9.65 x lo-* 9.1 x 10-Z 9.72-9.69 x 1O-2 1.000 +0.6 
Phenol 1 x 1o-2 9.65 9.73 9.75-9.10 1.000 +o.s 
H,PO, 1 x lo-*t 9.25.t 9.32 9.33-9.31 1.000 +0.8 

Working electrode Pt; electrolysis potential 1900 mV us. Ag/AgCl (Cl- 3M); total sample volume 10 ml. 
*The functions 10E’o.059 and Q 10”“.os9 were utilized to linearize the potentiometric data obtained with strong and weak acids 

respectively. 
tEvaluation based on a previous H,PO, determination by the same technique. 

RESULTS AND DISCUSSION 

Acid-base systems 

Strong and weak acids were titrated by cathodic 
reduction of hydrogen ions. The end-point was deter- 
mined by extrapolation of the potentiometric data, 
linearized as a function of charge (Q) by means of the 
equations 

s = ~(yvO.059 
(1) 

S’ = Q l(yO.059 
(2) 

for strong and weak acids respectively 
(E = potential). Typical results are shown in Table 1. 

The accuracy and precision are quite satisfactory 
even for acids as weak as phenol. The sensitivity is 
limited by the linearization method, which does not 
take into account the autoprotolysis of water, which 
is not negligible for concentration regions lower than 
those examined here. 

Precipitation reactions 

Chloride, bromide and iodide were determined by 
precipitating them with silver ions coulometrically 
generated at a silver anode, the potential of which 
was monitored. The data were then linearized by 
means of function (1). 

The pH must be selectively adjusted to get the best 
results for the various halides. We found the most 
suitable ranges to be: pH 9-10 for iodide; pH 7-9 for 
bromide, and pH - 5 for chloride. 

The results obtained in the determinations of single 
halides are shown in Table 2, along with the experi- 
mental conditions, including pH. 

It was observed that the time required by the 
electrode to reach equilibrium in the absence of 
current was not significantly affected by the thickness 
of the silver halide layer, which may be quite large for 
high sample concentrations. 

The possibility of determining two halides in a 
mixture was also examined, and typical results are 
shown in Table 3. 

In all cases tested the precision was slightly poorer 
than that for solutions containing only one halide. 
The overall error for the sum of the tested species was 
generally small, but it appears that there is some kind 
of mutual interference. This fact cannot be explained 
in terms of co-precipitation, however, since both 
negative and positive errors are found in the deter- 
mination of the first ion. 

As shown in Fig. 2, quite good results are obtain- 
able for determination of all three halides in a 
mixture. 

Homogeneous redox systems 

Among the various redox couples examined, 
Fe3+/Fe2+ and Ce4+/Ce3+ deserve attention in view 
of the peculiarity of the method used (see below) to 
obtain a correct analytical determination of the ox- 
idized forms. 

Attempts at titrations by reduction at a platinum 
electrode (with a platinum indicator-electrode) were 
unsuccessful because these redox-couple electrode 
systems do not behave according to the Nernst 
equation. 

To overcome this difficulty the possibility of utiliz- 
ing a different redox system for indirect deter- 
mination of Fe3+ and Ce4+ was considered. 

Table 2. Silver halide precipitation: single-ion determinations 

Concentration Electrolysis 
in cell, potential, 

Halide M mV vs. SCE 

I- 5 x lo-’ -60 
5 x 10-S -50 

Br- 5 x 10-J +80 
5 x 1o-5 +250 
5 x 10-b + 200 

cl- 5 x 10-j + 300 
5 x 10-3 + 300 
5 x 1o-4 +300 

PH 

9.32 
9.12 
9.18 
6.91 
6.96 
4.65 
5.10 
4.13 

Coulombs required 

Theoretical Found 

9.65 9.52 
9.65 x lo-* 9.90 x 10-2 
9.65 9.13 
9.65 x lo-* 9.75 x 1o-2 
9.65 x lo-’ 9.42 x 1O-3 
9.65 9.62 
9.65 9.61 
0.965 0.990 

90% Confidence 
limits 

9.54-9.50 
9.99-9.80 x lo-* 
9.18-9.69 
9.92-9.58 x lo-’ 

10.25-8.81 x lo-’ 
9.65-9.59 
9.13-9.61 

0.996-0.985 

Correlation Error 
coefficient % 

1.000 -1.3 
1.000 +2.6 
1.000 +0.8 
1.000 +1 
0.993 -2.4 
1 .OOo -0.3 
1.000 +0.2 
1.000 -12.6 

Working electrode Ag; total sample volume 20ml. 
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Table 3. Silver halide precipitation: binary mixture analysis (Ag working electrode) 

I* IIt III* 

I- Cl- I- Cl- Br- Cl- I- 

IV’ 

Br- 

Electrolysis potl. -80 f350 
mV vs SCE 

PI-I 9.1 -5 
Coulombs, theory 9.65 9.65 
Coulombs, sum of v 

ions, theory 19.30 

-70 +350 +60 +350 -80 +100 

9.7 -5 9.0 -5 9.05 9.05 
0.965 0.965 9.65 9.65 9.65 9.65 

\ \ Y Y 
1.930 19.30 19.30 

.A 

Coulombs, found 9.65 9r.49$ 9.512 0.930 O.ssglS 9.83 -9.843 9.43 9-1 
Error, % 0.0 -1.75 -1.71 -3.6 +2.2$ -1.5$ +1.9 +0.2$ +2.0$ -2.3 -2.58 -4.8$ 
Error, sum of 

ions. % 
-0.8 +1.0 -2.4 

*Each component 5 x lo-‘M in cell solution (20 ml). 
tEach component 5 x 10e4M in cell solution (20ml). 
#Data referred to value found for first species. 
IData referred to theoretical charge required for first species. 

If a silver working-indicator electrode is used, once 
the reaction 

nAg + Ox-+nAg+ + Red (3) 

has taken place, it might be expected from the relative 
values of the standard potentials that the Ox form 
initially present could be determined indirectly by 
titration’ of the silver ions produced. Such a titration 
might be expected to be slow, reaction (3) being 
incomplete if electrolysis is started immediately after 
the electrode and the test solution come into contact, 
since a heterogeneous reaction system is involved. In 
practice, however, titrations done under different 

% 12 

e 
c 
I 0 10 
- 
(I, 8 

6 

4 

2 

16 
t 0 

9 c 
.sx10-3 SxlO sx103 

6- 

I- CL- 

0 7- 0 

a 0 0 0 0 6- o 6- 

time schedules show that the results are not de- 
pendent on the time elapsed before the electrolysis is 
started. In all cases the amount of Ag+ found is 
equivalent to that of Ox initially present. 

These facts can be rationalized by considering the 
dynamics of equilibration of the indicator electrode 
under these experimental conditions. 

Reaction (3) will proceed during the potentiometric 
phases, throughout the titration, without current at 
the indicator electrode, mass transport being the 
limiting factor. 

By use of Nernst’s approximate concept of the 
diffusion layer, the flows (at the electrode) of the 

I I I I I I I I Ail 

1 2 3 4 5 6 7 6 9 10 11 12 13 14 15 16 17 16 19 20 21 22 23 24 25 26 27 28 29 

0 koulanbs) 

Fig. 2. Titration plot of S (= IO- E’0.o59) IX. Q (coulombs) for iodide, bromide and chloride, simultaneously 
present at equal concentration (5 x lo-‘M) in a mixture: QT = theoretical equivalence point; Ag working 
electrode; sample volume 20 ml; electrolysis potentials (mV us. SCE) - 80, - 50, + 350 respectively for 

iodide, bromide and chloride. Titration of Br- and I- at pH 9, of Cl- at pH 5. 
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Table 4. Homogeneous redox systems 

Concentration Coulombs required 
Redox in cell,* Correlation 
system M pH Theoretical Found 90% Confidence limits coefficient Error,% 

Fe’+ /Fe*+ 1.67 x lo-’ 1.3 3.21, 3.19, 3.19,-3.18, 1.000 -0.8 
1.67 x 1O-4 1.3 0.321, 0.321, 0.325,-0.317, 0.999 -0.1 
1.67 x 1O-5 2.0 3.21, x lo-* 3.16, x lo-* 3.21,-3.12, x IO-* 0.999 -1.6 

Ce4+ /Ce’+ 5 x 1o-3 1.3 9.65 9.65 9.66-9.64 1.000 0.0 

Working electrode Ag; total sample solution 20 ml; electrolysis potential + 150 mV us. SCE. 
*Values referred to the oxidized species (initial concentration of reduced species = 0). 

species implicated in reaction (3) may be written as 

~oX([oxl~~~~xl~) = DRd( [Redl,;efWm) 

= DAg+ 
[&+I, - [Ag+l, 

dAg+ > 
c4) 

where D is the diffusion coefficient, 6 the 

diffusion-layer thickness (which may be considered 
proportional to DY, with 0 < y < 1 in a stirred solu- 
tion) and subscripts 0 and cc indicate the electrode 
surface and the bulk of the solution, respectively. 
If reaction (3) is shifted completely towards the right 
(that is [Ox],, N 0), we obtain 

(5) 

From the charge Q previously exchanged and the 
partial transformation due to reaction (3), the con- 
centration of Ox in the bulk of the solution at any 
instant is &en bv 

(6) 
where C& is the initial Ox concentration, F is the 
Faraday constant and V is the volume of solution. 

If Dox N DAM+ > from (5) and (6) we obtain 

Q 
&+I, = Gx - FV 

which indicates that, just as in the case of Ag+ 
titration, the concentration of the silver ion at the 
electrode is only a function of the degree of electroly- 
sis, and not of the chemical reaction. 

Furthermore the electrode potential measured in 
the potentiometric phase will depend on the equi- 
librium 

Ag+Ag+ + e- 

which will lead to an equation of the type 

S = 10E’o.059 = K(nC& VF - Q) (8) 

if equation (7) for [Ag+], is substituted into the 
Nersnt equation. 

It should be noticed that for a truly homogeneous 
redox system, linearization should be done by means 
of a function of type (2). 

Typical results obtained in the titration of Ce4+ 
and Fe3+ with a silver electrode (in a three-electrode 
configuration), by linearization of the potentiometric 
data according to equation (8), are reported in Table 
4 and show the fairly good accuracy, precision and 
sensitivity of the procedure proposed. In particular, 
the narrow range of the .confidence limits and the 
values of the correlation coefficients confirm that 
linearization according to equation (8) is valid, and 
that the behaviour of the silver electrode has been 
correctly interpreted. 

These facts show the possibility of overcoming 
irreversibility problems in reductions by making use 
of a type-l electrode with a standard potential more 
negative than that of the redox couple under exam- 
ination. It should be pointed out, however, that in the 
case of the titration of Fe3+, the equilibrium constant 
of reaction (3) is small (N 0.33, as calculated from the 
standard potentials); nevertheless the reaction can be 
considered sttlhciently shifted towards the right for 
the observed behaviour, provided the iron concen- 
tration is much smaller than 0.33M. This type of 
indirect titration offers clear advantages with respect 
to other indirect procedures. 
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Summar-Nitrate can be determined with reliable accuracy and sensitivity by differential pulse 
polarography utilizing the catalytic reaction between nitrate and uranyl ion in the presence of potassium 
sulphate. The differential pulse polarographic peak-height is proportional to nitrate concentration from 
1 to 50 PM. The calculated detection limit for nitrate is 8 x IO-’ M in pure aqueous solution. The method 
has been applied to determination of nitrate in fresh snow, and river waters and animal feeds. 

Because of the importance of the role of nitrite and/or 
nitrate as a precursor in the formation of N- 
nitrosamines, which can be formed in water and 
sewage, at least in vitro,‘-3 it is essential that a 
sensitive and accurate method be available for the 
determination of these ions. Many methods have 
been reported for the determination of nitrate, prin- 
cipally involving calorimetry. These methods have 
been summarized.4 They all have limited sensitivity 
and dynamic range, and frequently depend on unsta- 
ble colours and long reaction times. Methods based 
on use of an ion-selective electrode are very simple, 
but the results vary because of interference from 
co-existing ions, and because of effects dependent on 
the previous history of the electrode.5-8 Deter- 
minations of nitrite and of nitrate by polarography 
have been reported. Chang et al.’ have studied the 
differential pulse polarographic determination of ni- 
trite, based on nitrosation of diphenylamine in the 
presence of sodium thiocyanate as catalyst. This 
method is most sensitive and has been extended to 
include determination of nitrate subsequent to that of 
nitrite. Kato et ~1.‘~ reported a polarographic deter- 
mination of nitrite and nitrate by use of the catalytic 
wave of the 1,2-diaminocyclohexanetetra-acetate 
(DCTA) complex of vanadium (IV). However, as the 
determination of nitrate in the mixture was affected 
by nitrite, a calibration curve for nitrate in the 
presence of a known amount of nitrite was obtained 
by using 1-1OmM V(IV)-DCTA, and nitrate in the 
mixture could then be determined. The d.c. polar- 
ographic determination of nitrate in the presence of 

*To whom correspondence should be addressed. 
TPresent address: Hakodate Technical College, Tokura-cho 

226, Hakodate 042, Japan. 

uranyl ion in acid solution has been described by 

Kolthoff et al.” and by Keilin and Otvos.” The 
simultaneous reduction of uranyl ion catalyses the 
reduction of nitrate in dilute hydrochloric acid me- 
dium. The first uranium wave results from the reduc- 
tion of uranium(W) to the quinquevalent state, and 
the second corresponds to reduction of uranium(V) 
to the tervalent state. The catalytic nitrate wave 
occurs at the same potential as the second uranium 
wave. The catalytic mechanism has not been clarified 
and is complicated: uranium(II1) formed at the 
electrode surface might be the actual nitrate-reducing 
agent. 

In this paper, we have re-examined the catalytic 
reaction between nitrate and uranyl ion by 
differential pulse polarography (DPP). The present 
work aimed at establishing the most suitable and 
effective conditions for the determination of nitrate in 
actual environmental samples, with satisfactory sensi- 
tivity, precision and simplicity. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical reagent grade and 
were dissolved in demineralized and distilled water. A 
standard 0.02M uranyl solution was prepared by dissolving 
4.2408 g of uranyl acetate [UO,(CH, COO),. 2H, 0] in 60 ml 
of 6M hydrochloric acid, and making up accurately to 500 
ml with water; it was kept in a polyethylene bottle. Dilute 
solutions of nitrate were prepared from a stock 
1.00 x 10-ZM potassium nitrate solution, by appropriate 
quantitative dilution or direct pipetting into samples. 
Purified nitrogen was used for deaerating solutions, and 
keeping them oxygen-free. 

Apparatus 

Polarographic data were obtained with a Model P-1000 
Voltammetric Analyser with a mechanical drop knocker 
(Yanagimoto Mfg. Co., Japan), and recorded on a 

319 



320 HIROTOSHI HEMMI et al. 

Watanabe X-Y recorder, Model WX-4401. The dropping 
mercury electrode (DME) used had the following character- 
istics: mercury flow-rate M = 0.9647 mgjsec in water (open 
circuit), and natural drop-time r, = 8.50 set in O.lM hydro- 
chloric acid containing potassium sulphate and 10e4 M 
uranyl acetate, at a mercury head h = 70.0 cm. An SCE was 
used as reference, and a platinum wire as the counter- 
electrode. Except for temperature-dependence studies, the 
polarographic solutions were kept at constant temperature 
(25 + 0.5”) in a thermostatic bath. 

Analytical procedures 

Animal feeds. Weigh accurately about 0.5 g of powdered 
sample, previously dried in the oven at 75” for 90 min, and 
transfer it into a stoppered flask or bottle with about 120 ml 
of water. Shake the mixture for 30 min, then filter with a No. 
5A filter paper (Toyo Roshi Co.), and wash the filter paper 
with a small amount of water. Filter the extract and 
washings through a 0.65~pm membrane filter, and dilute 
accurately to 200 ml with water. The yield in a single 
extraction is about 98% and a second extraction makes the 
yield completely quantitative. Pipette a suitable volume of 
the extract into the supporting electrolyte solution, and 
deaerate for about 10 min. Measure the catalytic nitrate 
reduction wave in the DP mode in the potential range from 
- 0.75 to - 1.1 V vs. SCE, and then calibrate by the 
standard addition procedure, or use an appropriate cali- 
bration graph. Under typical optimized working conditions, 
the corresponding linear regression equation and the 
coefficient of correlation, r, are C = 18.08 i,-25.22 and 
r = 0.999, the units being PM for C and PA for i . 

River waters and snow. Just before analysis, t R aw the 
frozen samples of river water or snow, stored in the 
refrigerator, and filter through a 0.45~pm pore-size mem- 
brane filter. Add an appropriate volume of the filtrate to the 
supporting electrolyte and use without further treatment, 
because there are unlikely to be any interfering substances 
present. Complete the determination as described for animal 
feeds. 

RESULTS AND DISCUSSION 

Effect of pH on the catalytic reduction 

The reduction of uranyl ion in acid solution by d.c. 
polarography gives two waves, the first resulting from 
the reduction of U(V1) to U(V) and the second, which 
is almost twice as large as the first, corresponding to 
a further 2-electron reduction to the tervalent state. 

2 * 
a 

..” 

0 -0.5 -10 

Evs SCE (V) 

Fig. 1. Differential pulse polarograms of uranyl ion with and 
without nitrate present. Conditions: [UO, (CH,COO),] = 
100@4; [K2S04] = 5mM; pH 1.0 (Ha); pulse amplitude, 
- 100 mV; scan-rate, 1 mV/sec; pulse interval, 6 sec. (A): 

[KNO,] = OpM. (B): KNO,] = 20/&f. 
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Fig. 2. Effect of pH on the DP peak current. Conditions: 
[UO,*+] = 1OOpM; [KC11 = O.lM; pH adjusted with HCI. 
(A): [KNO,] = O@f. (B): [KNO,] = 1OOpLM. Other condi- 

tions are the same as for Fig. 1. 

If nitrate is present in the polarographic solution, the 
catalytic nitrate wave occurs at the same potential as 
the second uranium wave, as shown by the typical DP 
polarograms in Fig. 1. However, the height of the 
second peak is almost the same as that of the first, 
though it is accompanied by a DPP prewave. The 
pH-dependence of the height of the catalytic nitrate 
peak is shown in Fig. 2. Over the pH range from 0.7 
to 1.4, the electrode chemical reaction for the 
uranium-nitrate system, and hence the catalytic peak, 
is found to be relatively unaffected by the polaro- 
graphic measurement time. An optimum pH of 1.0 
was chosen for further study in order to characterize 
the electrode process and for the development of an 
analytical procedure. Above pH 1.5, the second peak 
of uranium(V) decreases gradually with increasing 
pH, and the catalytic peak current also decreases 
because of the decrease of effective concentration of 
uranium(V) in the electrical double-layer or possibly 
because of a change in the rate of reaction. The slope 
of the usual log plot for the first d.c. wave is 60 mV, 
corresponding to reversible reduction with n = 1. The 
peak half-width, II’,,*, at a pulse amplitude of - 100 
mV is 128 mV, almost equal to the theoretical value 
of 125 mV for n = 1. The log plot for the second 
wave, however, gives a straight line with slope of 78 
mV, so the reduction of uranium(V) to uranium(II1) 
does not proceed reversibly. The half-width of the 
second peak is the same as that for the first peak, 
which is 23% larger than the theoretical value of 102 
mV for n = 2. The second d.c. wave is almost twice 
as high as the first wave, which would be expected for 
twice the charge transfer. However, the two peaks in 
DPP are almost the same in width, because though 
the first step is reversible, the second is not. 

ESfect of uranyl ion concentration 

If we use larger amounts of uranyl ion as the 
activator, the wave at - 0.93 V us. SCE becomes 
correspondingly greater. The minimum uranyl ion 
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Fig. 3. Effect of uranyl ion concentration on the nitrate 
reduction peak current. Conditions the same as for Fig. 1 

except for uranyl ion concentration. 

concentration is that required to maintain linearity 
between the current and the nitrate concentration. 
The nitrate limiting current is measured as the 
difference between the total current at - 0.93 V vs. 
SCE and the limiting current for the uranyl ion, as 
determined in a blank experiment. The ratio, R, of 
the nitrate current, D, to the limiting current for the 
uranyl ion, A, is plotted in Fig. 3 as a function of the 
uranyl ion concentration: the lower this concen- 
tration, the greater the ratio, R. However, we have 
found a bigger spread of results when low concen- 
trations of uranyl ion are used, and therefore con- 
clude that the uranyl ion concentration is best kept 
at 1OOpM. 

Effect of chloride and sulphate concentration 

The influence of several salts on the peak-height 
was next studied. The nitrate catalytic reduction wave 
gradually decreased with increasing chloride concen- 
tration above O.lM, but at chloride concentrations 
below 0. lM, the peak-height remained unchanged. 
Figure 4 shows the effect of sulphate concentration 
on the nitrate reduction current. The catalytic peak 
current reaches a maximum at sulphate concen- 
trations higher than 5mM. Thus, the current when 
the chloride concentration is below O.lA4 and the 
sulphate is about 5mM is about 1.4 times that when 
no sulphate is present. If we consider the interaction 
of uranyl ion and nitrate in the presence of chloride 
in terms of some specific effects of anions in solution 
and in the electrical double-layer, we can see simi- 
larities to the behaviour of Methylene Blue and leuco 
Methylene Blue in the presence of certain anions.‘3*‘4 
Chloride is known to be specifically adsorbed on the 
mercury electrode.‘3.‘4 The addition of sulphate 
causes an increase in the catalytic current, suggesting 
that sulphate displaces chloride from the adsorbed 

layer and then itself contributes to the interaction 
between uranyl ion and nitrate. 

Eflect of standing time and temperature 

Solutions containing potassium nitrate at 50pM 
concentration (3.1 ppm) were allowed to stand in the 
laboratory at room temperature for a month. On 
analysis the peak height and wave form were found 
to be unchanged, with a relative standard deviation 
of 0.5% (n = 150) over the period. The temperature- 
dependence of the catalytic peak was also studied in 
the range between 5 and 35”. The relative tem- 
perature coefficient of the peak-height was 2.8%/deg 
at 20” because of the catalytic mechanism, but that of 
the second peak of the uranyl ion was only 1.3%/deg, 
which is typical of a diffusion-controlled electro- 
reduction. 

Effect of instrumental parameters 

In the case of hydrogen evolution catalysed by 
tellurium(IV), the slower the scan-rate, the greater the 
peak current and the higher the sensitivity.” In this 
work, the catalytic nitrate reduction peak-current was 
almost independent of scan-rate from 0.5 to 1 
mV/sec. We chose 6 set as drop-time because the 
peak-height gradually increased with drop-time. It 
was also found advantageous to use a large modu- 
lation amplitude, e.g., AE = - 100 mV for these 
micro determinations.16 

Interferences 

The effects of several common ions on the deter- 
mination was examined, and tolerances for them are 
given in Table 1. Nitrite and phosphoric acid interfere 
seriously and should be absent if accurate results are 
to be obtained. The tolerance for some interferents 
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Fig. 4. Effect of sulphate concentration on the DP peak 
height. Conditions: pH 1 .O (HCI); other conditions the same 
as for Fig. 2 except for K,SO, concentration and curve (C). 

(C): without KCl. 
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Table 1. Permissible concentrations of foreign ions in the 
determination of 10 ptM NO,- (to give < 5% error) 

Species Added as Concentration, M 

Na+ NaCl 0.1 
K+ KC1 0.1 

NH: NH,CI 0.1 
Mg*+ MgCl, 10-J 
Ca*+ Ca(CH,COO), 5 x 10-j 
Mn*+ MnCl, lo-* 
Cl- NaCl 0.1 

H,CO, Na, CO, 0.1 
H,PO, K,HPO, 10-e 
SiO, SiO, (carbonate fusion) 0.1 
NO; KNO, 6 x lO-6 

Polarographic solution 1 x 10-5M KNO,+ 10-4M 
UO,(OAc), + 5mM K2S04 adjusted to pH 1.0 with HCl. 
Modulation amplitude - 100 mV; scan-rate 1 mV/sec; 
pulse interval 6 sec. 

such as heavy metal ions can be improved by addition 
of masking reagents (e.g., EDTA). The strongest 
interference is given by phosphoric acid, which is 
significant even when the acid is present at the same 
concentration as nitrate, since it forms a stable uranyl 
salt. 

Comparison with another method 

To verify the validity of the DPP technique, river 
water samples were analysed by high-pressure liquid 
chromatography (HPLC) with a Zorbax Sil ion- 
association silica-gel column. The agreement between 
the two sets of results (Table 2) suggests that the DPP 
method can be used with a fair degree of confidence. 
Further results for river waters and for snow are 
shown in Table 3. The river water samples were also 
tested for nitrite, but no nitrite peak was observed on 
the HPLC chromatograms. It was concluded that the 
nitrite content did not exceed 1.$&f (the detection 
limit of the HPLC method). 

Sample storage and nitrate extraction 

All dried plant and silage samples were ground to 
pass through a OS-mm sieve, then stored in sealed 

Table 2. The comparison of the DPP and HPLC methods 

Nitrate found, PM 

Sample No. DPP method HPLC method 

1 61.7 63.8 
2 65.1 64.6 
3 61.4 60.8 
4 61.4 63.7 
5 62.2 64.4 
6 62.6 67.3 

Mean 62.4 64.1 
R.S.D.(%) 2.25 3.25 

River water sampled at Hachikenbashi Bridge in Sapporo 
on 18 February 1983. HPLC conditions: Shimadzu 
Model LC-3A HPLC with Zorbax Sil (4.6 mm bore, 25 
cm length) with Shimadzu SPD-2A UV detector at 220 
nm; lo-)M NH4H,P04 and 10e4M tet- 
rabutylammonium bromide as mobile phase at 1 
ml/min. Injection volume 10 ~1. 

Table 3. Determination of nitrate in river water and snow 
gathered at several points of the River Hassamuaawa 

Nitrate 
found, R.S.D., 

Sampling point PM % 

Heiwanotaki (upstream) 6.23 2.43(n = 3) 
(water) 

Yamanotebashi (middle stream) 21.5 3.56(n = 3) 
(water) 

Hachikenbashi (downstream) 54.7 0.80(n = 3) 
(water) 

Heiwanotaki (upstream) 6.27 3.50(n = 3) 
(snow) 

Hachikenbashi (downstream) 12.0 5.12(n = 2) 
(snow) 

Polarographic conditions as in Table 1. 
Sampling date 11 February 1983. 

Table 4. Nitrate in animal feeds, determined by the DPP 
method 

Nitrate content,* 
Dried plant sample WI&? 

Alfalfa silage 0.935 
Perennial Buckwheat petiole 5.70 
Indian corn silage 5.76 
Orchard grass 13.5 
Barley silage 16.4 
Perko petiole 27.1 
Sunflower petiole 69.1 

*Means of duplicate determinations, rounded to three 
significant figures. 

containers at room temperature. According to Mil- 
ham et al.,’ water samples stored under atmospheric 
conditions often show spectacular changes in nitrate 
content. Therefore, these samples must be analysed as 
soon as possible, or be frozen to suppress microbial 
action. 

The efficiency of nitrate extraction under various 
conditions was studied and the extracted nitrate was 
determined by HPLC. The results of the extraction of 
nitrate from animal feeds was independent of the 
phase-volume ratio, and duration of shaking from 10 
to 60 min (at 100 strokes/min). Nitrate was extracted 
quantitatively by all variations of sample treatment. 
The results obtained by the procedures described are 
given in Tables 3 and 4. The nitrate concentrations in 
the upstream river samples show little variation, but 
increase downstream because of microbial action and 
run-off from agricultural land that has been treated 
with fertilizers. The nitrate contents of the plants 
show a wide variation, which is probably due to 
breeding and environment rather than the kind of 
plant. 
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Summary-The synthesis and analytical properties of dimedone bisguanylhydrazone (DIBG) are de- 
scribed for the first time. DIBG is oxidized by aerial oxygen and the reaction is catalysed by copper(I1). 
The catalytic effect of copper(I1) is increased by the presence of pyridine. Kinetic methods are described 
for determining trace amounts of copper(I1) and pyridine. The reaction is followed spectrophotometrically 
by measuring the rate of change of absorbance at 550 nm. The calibration graphs are linear in the range 
0.6-9.5 pg for copper(I1) and 0.2-8.8 mg for pyridine. The methods have been applied to the determination 
of copper in galena and of pyridine in piperidine and isoamyl alcohol. The kinetic parameters of the 
reaction have been determined. 

Schiff s bases, including oximes, hydrazones, thio- 
semicarbazones, etc., are interesting as analytical 
reagents as they form complexes with transition 
metals, and also because their oxidation may be 
catalysed by metal ions, in particular by copper(I 
However, guanylhydrazones have not been very 
much studied as analytical reagents. 

We have initiated the study of these Schiffs bases 
with pyridine-Zaldehyde guanylhydrazone (PAG)2 
which forms yellow complexes with copper, cobalt, 
palladium, nickel and iron(I1). In this paper, the 
synthesis and analytical properties of dimedone bis- 
guanylhydrazone (DIBG) are described for the first 
time. DIBG undergoes aerial oxidation at pH N 7, 
catalysed by copper( producing a red-violet colour 
suitable for a spectrophotometric kinetic deter- 
mination of trace amounts of copper, in which the 
rate of change of absorbance at 550 nm is measured. 
The rate of the catalysed reaction increases in the 
presence of pyridine, which can therefore also be 
determined by this approach. The action of pyridine 
as an activator in catalysis by copper(I1) has been 
discussed by Bontchev3 and has been used for anal- 
ytical purposes.4 

Apparatus 
EXPERIMENTAL 

A Zeiss DMR 11 spectrophotometer equipped with 
constant-temperature cell-holders and 1 .O-cm glass or 
quartz cells. 

Solutions 

All reagents should be of analytical-reagent grade. 
Dimedone bisguanylhydrazone reagent solution, 0.1% 
Copper(U) solution. Prepare by dissolving copper oxide 

in nitric acid and diluting with water, and standardize. 
Buffer solution, pH Z9. Dissolve 12.11 g of tris- 

(hydroxymethyl)aminomethane (Tris) in 42 ml of 1M 
perchloric acid and dilute with water to 1 litre. 

Buffer-Juoride solution, pH 79. Dissolve 12.11 g of tris- 
(hydroxymethyl)aminomethane (Tris) and 83.98 g of so- 
dium fluoride, and enough 1M perchloric acid to give 
pH 7.9, and dilute with water to 1 litre. 

Aqueous pyridine solutions. 

Synthesis of dimedone bisguanylhydrazone (DIBG) 

Dissolve 2.15 g of aminoguanidine bicarbonate in 10 ml 
of water and neutralize with hydrochloric acid. Add the 
mixture to 1.10 g of dimedone in 40 ml of ethanol, then add 
3 ml of concentrated hydrochloric acid, reflux for 2 hr and 
cool. Filter off the white product and wash it with 
ethanol-water (4:1 v/v). Yield 60x, m.p. 273”. Found: 
31.6% C, 6.1% H, 30.3% N, 28.2% Cl. Calculated for 
C,,H,,N,.3HCl.H,0: 31.87% C, 5.84% H, 29.74% N, 
28.15% Cl. 

Determination of copper 

To a solution containing between 0.6 and 9.5 pg of 
copper, in a 25-ml standard flask, add 1 ml of pH-7.9 buffer, 
3 ml of 2.5Mpyridine, and 1 ml of DIBG solution and dilute 
to volume with water. Mix well, then transfer a portion to 
a 1 .O-cm cell at 25 k 0.1” and follow the reaction by 
recording the absorbance (vs. a reagent blank) at 550 nm as 
a function of time, beginning the measurements 1 min after 
preparation of the sample. Calculate the reaction rate from 
the slope of the absorbance-time curve. 

Determination of copper in galena 

Weigh out about 0.2 g of dried sample and dissolve it in 
a few ml of nitric acid. Add about 10 ml of water and some 
sodium sulphate to precipitate lead sulphate. Centrifuge the 
solution to separate the precipitate and transfer the solution 
to a 25-ml standard flask. Add the washings, then make up 
to the mark with water. Transfer an aliquot to another 
25-ml standard flask, neutralize with sodium hydroxide to 
the pale pink colour of phenolphthalein as indicator, then 
add 1 ml of pH-7.9 buffer-fluoride solution, 3 ml of 2.5M 
pyridine and 1 ml of DIBG solution, dilute to volume with 
water and complete the determination as above. 

Determination of pyridine 

To an aqueous solution containing 0.2-8.8 mg of pyri- 
dine, in a 25-ml standard flask, add 1 ml of pH 7.9 buffer 
solution, 2 ml of DIBG solution, 5 ml of 3.2 x 10m4M 
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copper(H) and dilute to volume with water. Transfer an 
aliquot of the reaction mixture to a 1.0~cm cell at 25 + 0.1” 
and make the kinetic measurements as for copper deter- 
mination. 

Determination of pyridine in piperidine 
To 1 ml of a 2M neutralized aqueous solution of piper- 

idine, in a 25-ml standard flask, apply the procedure 
specified for pyridine determination: 0.3% of pyridine in 
piperidine can be determined. 

Determination of pyridine in isoamyl alcohol 

Shake 2 ml of the alcohol with 80 ml of water in a lOO-ml 
standard flask till a single phase is obtained. Dilute to the 
mark with water, mix well, then transfer 10 ml of this 
solution to a 25-ml standard flask and follow the procedure 
for pyridine determination: 0.3% of pyridine in isoamyl 
alcohol can be determined. 

RESULTS 

Analytical properties of the reagent 

DIBG is very soluble in water, dimethylsulphoxide 
(DMSO) and dimethylformamide (DMF) and spar- 
ingly soluble in ethanol, at room temperature. The 
infrared spectrum (KBr disc) shows bands assignable 
to the stretching vibrations of -NH- and -NH2 (3 100 
and 3400 cm-‘), and to the guanidinium group (1610 
and 1670 cm-‘). The ultraviolet absorption spectrum 
for DIBG in water shows a maximum at 294 nm. The 
NMR spectrum indicates the most likely structure to 
be 

NH- NH-C=NH 

NH-NH-C= NH 

I 
N”z 

The dissociation constant for an aqueous solution 
of 2.6 x 10M5M DIBG was determined by the Sten- 
striim and Goldsmith method5 at ionic strength 0.1, 
temperature 20”, and different pH values from 0.5 
to 8.0. Solutions of pH > 8 are unstable and the 
spectrophotometric measurements are no longer 
reproducible. The average result obtained was 
pK = 3.7 + 0.2. 

Reactions with inorganic ions 

The reactions of DIBG with 40 inorganic ions, up 
to a concentration of 1 g/l., at various pH values, 
were tested. The most interesting reactions took place 
in neutral medium with copper(I1) and platinum (IV), 
a red-violet colour being produced. 

Permanganate, dichromate, persulphate, periodate 
and ferricyanide react with DIBG, giving the same 
red-violet colour. Mercury(I1) gives a violet precip- 
itate which is insoluble in organic solvents (e.g., 
ethanol, DMF, DMSO). 

Spectrophotometric study of the copper(DIBG 
system 

In the preliminary studies of this reaction, we 

observed that the sensitivity towards copper(I1) was 
concentration-dependent, and that with more dilute 
solution the colour was slower to appear. Because the 
colour obtained with oxidizing species was the same 
as that produced with copper, we concluded that an 
oxidation was taking place, with oxidation by aerial 
oxygen dissolved in the solution, and that the reac- 
tion was catalysed by copper ions. 

We also found that DIBG in neutral aqueous 
solutions was slowly oxidized by a stream of air, but 
was stable under an atmosphere of nitrogen even 
when small amounts of copper were present. Only 
when higher concentrations of copper were present 
was the red-violet colour then observed. 

The catalytic behaviour has been used in a new 
kinetic-spectrophotometric method for determining 
trace amounts of copper. 

Catalytic effect of copper 

The catalytic action of copper(I1) is favoured in 
neutral medium by the presence of a few mmoles of 
pyridine. The absorption spectrum of the complex, 
and its variation with time are shown in Fig. 1, from 
which the reaction rate can be calculated. 

Effect of reaction variables 

The oxidation of DIBG is influenced by the reagent 
and copper(I1) concentrations, pH, buffer com- 
position, pyridine concentration and temperature. All 
these variables have been investigated, by the tangent 
method. The fixed time or fixed absorbance methods 
cannot be applied because the red-violet colour is not 
sufficiently stable. 

The effect of temperature on the reaction rate 
(dA/dt = tan LX) was studied in the range 10-43” with 
solutions containing 200 ng of Cu(II), 5 ml of 0.01% 

X (nm) 

Fig. 1. Variation of absorption spectra of DIBG in presence 
of Cu(I1). (a) DIBG-Cu(I1) at 11 min; (b) DIBG-Cu(I1) at 

15 min; (c) DIBG. 
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I I I 

1 3 5 7 

Time (min) 

Fig. 2. Absorption us. time curves as a function of tem- 
perature. 

DIBG solution, 5 ml of 1M pyridine and 5 ml of pH 
7.5 buffer solution. The absorbance-time curves (Fig. 
2) show the temperature dependence. The plots of log 
tan u vs. 1/T are linear between 286 and 303 K. A 
temperature of 298 K was chosen for subsequent 
studies. It would be preferable to bring all solutions 
employed to this temperature before mixing them. 

The pH-dependence of the system was studied by 
use of mixtures of tris(hydroxymethyl)aminomethane 
(Tris) and perchloric acid. Hydrochloric acid was also 
tried, but chloride decreases the reaction rate, 
whereas perchlorate does not. 

Two solutions, one of Tris and the other of pro- 

tonated Tris (TrisH+), obtained by mixing equimolar 
solutions of Tris and perchloric acid, were prepared, 
and with these, two series of samples were made: in 
one the concentration of Tris was kept constant, and 
in the other the concentration of TrisH+ was kept 
constant. 

Taking into account that the other reagent concen- 
trations remain constant, the following relationships 
should be valid: 

log(tan a/[TrisH+]“) = K - x pH (1) 

log (tan cI /[Tris]“) = K’ - x pH (2) 

The absorbance vs. time curves for 
[Tris] = cons#ant and [TrisH+] = constant are shown 
in Fig. 3. By plotting equations (1) and (2), for 
different m and n values, polygonal graphs were 
obtained, the slopes of which coincided only for 
m = - 1 and n = 0. From these graphs (Fig. 4) the 
following x values were obtained: 

x = -2 (pH < 7.4); x = - 1 (7.4 < pH < 8.0) 

and 

x = 1 (8.0 < pH < 8.4). 

For pH > 8.4 the solutions are unstable. 
The effect of DIBG concentration on the reaction 

rate was studied in the range from 0.21 x 10m4M to 
2.63 x 10-4M. A logarithmic plot showed that the 
reaction rate was independent of the DIBG concen- 
tration in the range 0.74-2.50 x 10m4M. For lower 

/ 

pH=7.97 

2 6 10 14 2 6 10 14 18 

IPH-6.05 CTrls Ii+1 ‘const. 

Time (min) 

Fig. 3. Absorbance OS. time curves for [Tris] = constant and [TrisH+] = constant at different pH values. 
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Fig. 4. Determination of pH reaction order for protons at different pH values. 

DIBG concentrations an order of 213 was found, and 
for higher DIBG concentrations an order of -2/3 
(Fig. 5). A 1 x 10m4M DIBG concentration was 
chosen for subsequent studies; this concentration was 
obtained by use of 1 ml of 0.1% DIBG solution per 
25 ml of final solution. 

Pyridine increases the reaction rate. This effect was 
studied for solutions containing 150 ng/ml copper(I1) 
and different pyridine concentrations. A logarithmic 
plot showed that the reaction rate depended linearly 
on the pyridine concentration in the range 
0.05-0.4M. The partial order for pyridine in the rate 

taining different amounts of Cu(I1) were recorded, 
measured against similar solutions containing no 
Cu(I1). On the basis of the kinetic investigation, the 
following equation is suggested for the cop- 
per(II)-catalysed oxidation of DIBG at pH 7.9 in the 
concentration range 0.74-2.50 x 10m4M. 

d(DIBG),,/dt = KLpyz;E@)l (3) 

The tangent method was applied to the absorbance 
vs. time curves. The calibration graph is linear over 

equation is 1. Smaller amounts of pyridine can be 
used when the copper(I1) solutions for analysis are Table 1. Influence of foreign ions on the kinetic deter- 

more concentrated, but a 0.3M pyridine concen- 
mination of Cu(II) (200ng/ml) by the tangent method 

tration was chosen for further work, obtained by use Tolerated 

of 3 ml of 2.5M pyridine per 25 ml of final solution. 
ratio to Cu, 

w/w Ions 

Rate equation and calibration graphs 

The absorbance vs. time curves for solutions con- 

I 
-t.2 - l -O 

7 

0 ? 
-1.3 - 

5 
/ 
. 

g-1.4- / \ 
- 

/; I I I I I 
-4.4 -4.2 -40 -36 -3.6 -34 

log CDIBGI 

20 

10 
5 
1 
0.2 
0.1 

Nitrate, iodate, bromate, perchlorate, 
sulphate, Na+, K+, Ca2+ Bar+ 

Srr+, Mg*+ ’ ’ 
Chloride 
Fluoride 

Oxalate, citrate, tartrate 
Li+, Be*+*, persulphate 

Ni2+, Al’+, Zn2+, Cdr+, As(V) 
Pb2+, Fe’+*, Zr(IV)* 

Pd(II), Co*+, Mnr+, Mo(VI), In’+, 
Hg(II), Ag+ 

Mn(VII), Cr’+, Th4+ 
Periodate, Bi3+, Pt(IV), Cr(V1) 

W(VI) and V(V) 
Ferrocyanide, ferricyanide, EDTA 

Cyanide 

Fig. 5. Influence of DIBG concentration on rate of reaction. *Fluoride added (10 mg). 
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Table 2. Determination of copper(H) in galena 

Cu(I1) found, ppm 

Sample Atomic absorption Catalytic method* 

: 124 110 110 120 

: 812 22 844 26 

e 159 167 

*Mean value for three samples. 

the Cu(I1) concentration range 25-380 ng/ml. The 
relative error (95% confidence level) is 0.9% for 
200 ng/ml. 

Interferences 

The influence of foreign ions was examined by the 
tangent method. The results are summarized in Table 
1. Cyanide, EDTA, ferrocyanide and ferricyanide 
interfere seriously by decolorizing the solution. The 
interferences from Fe(III), Zr and Be are caused by 
precipitation of the corresponding hydroxides, but 
can be eliminated by the addition of fluoride. 

Application to the estimation of copper in galena 

The interference study shows that the method can 

be used for determining copper in some natural 
samples. We have applied the method to galena and 
compared the results with those obtained by atomic- 
absorption spectrometry. Five different galenas were 
tested. The results are shown in Table 2. 

Determination of pyridine 

Equation (3) shows that pyridine can also be 
determined by the kinetic-spectrophotometric 
method. To increase the sensitivity of this deter- 
mination, higher copper(I1) concentrations are used. 

We had verified previously that 200ppm of pyri- 
dine will increase the reaction rate for copper concen- 
trations up to 24 ppm. For higher copper(I1) concen- 
trations equation (3) is not valid. A 20-ppm copper 
level was chosen for the determination of pyridine, 
and a DIBG concentration of 2 x 10m4M. Under 
these conditions, equation (3) remains unchanged. 

The absorbance vs. time curves for solutions con- 
taining different amounts of pyridine were recorded, 
with measurement against similar solutions contain- 
ing no pyridine. 

The calibration graph (tangent method) is linear 
over the pyridine range 8-350 pg/ml, becoming con- 
vex at higher concentrations. The relative error (95% 
confidence level) is f 2% for 150 pg/ml. 

Table 3. Influence of diverse, organic compounds on the kinetic determination of 
pyridine by the tangent method 

Concentration ratio, Pyridine, m M 
substance/pyridine, 

Substance w/w Taken Found Error, % 

2-Chloropyridine 3 1.98 1.97 -0.5 
6 1.98 1.98 0 

4-Dimethylaminopyridine 1 1.98 2.05 +3.4 
3 1.98 2.10 +6.1 
6 1.98 2.05 f 3.4 

Urea 3 1.98 1.98 0 
6 1.98 2.00 +0.9 

Quinine 1 1.98 2.00 +0.9 
3 1.98 1.98 0 
6 1.98 1.98 0 

Piperidine 6 1.98 1.98 0 
70 2.48 2.39 -3.6 

300 2.48 2.27 -8.2 
300 0.248 0.237 -4.4 

Isoamyl alcohol 50 1.73 1.70 -2.1 
300 0.248 0.259 -4.4 

Table 4. Determination of pyridine in piperidine and isoamyl alcohol 

Pyridine in piperidine 

Taken, % Found*, % Error, % 

0.14 0.13 -7.1 
0.28 0.27 -3.6 
0.57 0.58 i-2.2 
1.40 1.33 -1.7 
1.95 1.91 -2.0 
2.77 2.68 -3.1 

Pyridine in isoamyl alcohol 

Taken, % Found*, % Error, % 

0.15 0.14 -7.1 
0.30 0.31 +3.4 
0.60 0.62 +3.3 
1.49 1.45 -2.6 
2.07 2.03 -1.9 
2.93 2.97 +1.4 
3.50 3.53 +0.8 
4.34 4.25 -2.1 

*Mean value for three samples. 
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The influence of various organic compounds on the level of pyridine in piperidine or isoamyl alcohol can 
reaction rate was tested. The results are summarized be determined with 4% error. 
in Table 3. From the study of piperidine, we con- 
cluded that the concentration of piperidine should 
not be greater than 0.16M since higher concen- 
trations produce an interference, independent of the 
pyridine concentration. On the other hand, the per- 
missible volume of isoamyl alcohol is limited solely 
by its solubility in water. 

We have therefore applied the method to deter- 

1, 

2. 

3. 
4, 

mination of pyridine in piperidine and isoamyl alto- 5, 
hol. The results are summarized in Table 4. A 0.3% 
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Summary-Interpreting the redox chemistry of sulphur in aqueous systems requires the analysis of 
mixtures of various sulphoxy anions. Previous methods have been too involved to permit high sample 
throughout if good quality control is to be maintained. Methods based on ion chromatography have been 
developed for the direct determination of SO:-, SO:-, S,O:- and SCN-. The determination of 
thiocyanate permits the indirect determination of polythionates by treatment with cyanide. Formate, 
acetate, F-, Cl-, CO:- and PO:- do not interfere, but NO; and NO; interfere with determination of 
S@-. The sample preservation treatment includes addition of formaldehyde, cation-exchange and cold 
storage, to retard oxidation of S,O:- and SO:-, and inhibits the rearrangement of SOi-/S,O:-/S,Oi- 
mixtures caused by bimolecular nucleophilic displacement (S,2) reactions. Treated samples may be stored 
for up to 6 weeks with only minor loss of thiosulphate. 

The analysis of mixtures of sulphoxy anions in aque- 
ous solution is a valuable and necessary tool for 
investigating the chemistry of sulphur-rich waste- 
water effluents such as mining and milling wastes,’ 
oil-shale retort wastes,* paper pulp wastes,3 and acid 
mine drainage.4 Hydrogeochemical processes also 
involve mixtures of dissolved sulphur species in vari- 
ous oxidation states, e.g., redox processes in sulphur- 
rich groundwaters’ and geothermal waters,6 pyrite 
oxidation in alkaline waters,’ and sulphur oxidation 
in soils.* The present work was aimed at determining 
concentrations of stable and metastable sulphoxy 
anions, viz., sulphate, sulphite, thiosulphate and the 
polythionates (sulphane disulphonates, S,Oi-, 
n = 4-6). 

Numerous methods are available for analysing 
solutions of the single species sulphite, thiosulphate, 
sulphate, and polythionate.9-‘3 The analysis of solu- 
tions that contain mixtures of these species is difficult, 
owing to similarities in the reactions with the reagents 
used (e.g., sulphite and thiosulphate with iodine) or 
because reactions between the sulphoxy species alter 
the solution composition. Previous methods of anal- 
ysing mixtures have relied on complicated schemes 
for determining the ions partly collectively and partly 
individually; in some cases, one of the species must be 
determined by difference. Table 1 compares several 
schemes by which mixtures of sulphoxy anions have 
been analysed. Their principal limitations are (a) 

*To whom reprint requests should be addressed. 
tPresent address: U.S. Geological Survey, 345 Middlefield 

Road, Menlo Park, CA 94025, U.S.A. 

failure to account for all four sulphoxy species dealt 
with in this study, (b) low sample throughput owing 
to the time that each aliquot requires for analysis, (c) 
complex manipulations that introduce the risk of 
contamination or other error, and (d) failure to 
stabilize the mixtures properly at the time of sam- 
pling. The method developed in the work described 
here is rapid and reliable, has no complicated manip- 
ulations, and includes provision for stabilizing sam- 
ples for storage. It requires only two aliquots of each 
sample (total of 7 ml) for the direct determination of 
sulphite, thiosulphate and sulphate, the indirect de- 
termination of total S,,Oi- (n = 4-6) and the average 
value of n. 

Summary of aqueous sulphoxy anion chemistry 

There are two general types of reaction that meta- 
stable sulphoxy anions readily undergo: redox and 
bimolecular nucleophilic displacement (S,2) reac- 
tions. In solutions that contain molecular oxygen or 
other oxidants, these species tend to be oxidized to 
sulphate. Attainment of stable equilibrium in the 
aqueous systems may be slow and the metastable 
species also tend to interact and disproportionate. 
The result of these reactions is over-recovery of 
sulphate and under-recovery of the other species, as 
well as the change in composition of complex mix- 
tures. A survey of the reactions which can alter the 
sample composition is therefore a necessary part of 
analytical method development. Sulphite oxidation is 
mediated by free radicals, catalysed by redox- 
sensitive transition metal ions [e.g., Fe(II1) and 
Cu(II)], and is fastest when the pH is below 7 and 
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Table 1. Methods for analysing mixtures of sulphoxy anions 

Sulphoxy anions Methods References 

s,o:-, sp- 
sq-, s,o:-, s,o:- 
SO:- and S,O:- 
s,o:- 
so:- 
so;- 
so:- 

Total other S species 
so:-, so:- 
s,o:- + s,o;- 
so:-, s,o:-, so:- 
s,o:- 

?$_- + so:- 

so;- 
8*@- 

a- 
4 

SO:-, S,O:- and SO:- 
s,o:- 

Cyanolysis and spectrophotometry for Fe(III~SCN- 14,8,15 
Ultraviolet spectroscopy 16, 17, 18 
Iodometric titration 
Cyanolysis with spectophotometry for Fe(III)-SCN- 1 -19 

Thermometric titration with dichromate 
Direct injection enthalpimetry 1 -20 

Atomic-absorption spectrophotometry of excess of 
BaZ+ after precipitation of BaSO 

Oxidation with H,O, and determin&ion as SOi- 1 
-21 

Ion-chromatography 22,23 
Acidimetric titration 1 
Ion-chromatography 24 
H&l, titration in presence of formaldehyde to mask 

sulphite, using Hg2+ electrode 
Same, without formaldehyde, sulphite by difference 
BaCl, titration, using BaZ+ electrode I 

-5,25,26 

Iodometric titration 1 -27 
Iodometric titration (sulphite masked by 

formaldehyde) and cyanolysis with spectra- 
uhotometrv for Fe(IIItSCN- I 

Cyanolysis 4th spectrophotometry for Fe(IIIkSCN- 
EDTA titration of excess of Ba*+ after precipitation 

of BaSO, 1 
Ion-chromatography 

I 

-This study 
Cyanolysis with ion-chromatographic determination 

of SCN- and S,O:- 

bisulphite (HSO;) predominates over sulphite.2”32 
Oxidation of thiosulphate (to tetrathionate and 
thence to sulphate) is also mediated by radicals and 
catalysed by oxidants such as I*, Fe(III), and CU(II).~~ 

Although thiosulphate is not oxidized very rapidly 
in the absence of transition metal ions, it is prone to 
acid decomposition at pH < 5 to sulphite and elemen- 
tal sulphur. The mechanism of this reaction leads to 
a complex mixture of species and involves a chain of 
S,2 reactions as shown in Fig. 1.34*35 If the chain 
terminates with ring closure (Fig. lB), the overall 
stoichiometry is 

8S& + H+ + S8 + 7SO:- + HSO; (1) 

The mechanism in Fig. 1C provides other termi- 
nations that lead to polysulphides [very unstable in 
the presence of S(IV)] and polythionates, as well as 
fragmentary elemental sulphur chains. 

An aqueous mixture of sulphite, thiosulphate and 
polythionate is known as Wackenroeder’s solution. 
The metastable equilibrium 

s,o;- + s*o:- * s,, ,o;- + so:- (2) 

governs the interactions of these species.3”’ This 
equilibrium involves S,2 reactions like the one illus- 
trated in Fig. 1D. Sulphite is a stronger nucleophile 
than thiosulphate, so pH > 7 favours polythionate 
chain-shortening, whereas bisulphite formation, at 
pH < 7, removes sulphite from reaction (2) and fa- 
vours chain-lengthening. Since reaction (2) is a meta- 
stable equilibrium, and thiosulphate and sulphite are 
so easily removed from the system, the behaviour of 
Wackenroeder’s solution is difficult to predict by 
applying thermodynamic relationships or to measure 

experimentally. Although the qualitative behaviour 
of metastable sulphoxy species has been extensively 
reviewed,‘2~38~42 much work remains in the devel- 
opment of quantitative models. 

Reaction quenching 

For analytical results to represent accurately the 
solution composition at the time of sampling, the 
redox and S,2 reactions outlined above must be 
quenched. Ideally, the samples should be analysed 
immediately after sampling. In practice, this is rarely 
possible, so the sample composition must be sta- 
bilized for storage. 

Formaldehyde has proved to be a particularly 
useful inhibitor of sulphite oxidation. Its most famil- 
iar form, an aqueous solution of dihydroxymethane, 
is produced by the rapid hydration of gaseous for- 
maldehyde upon dissolution in water:43 

H,C = 0 + H20 + H,C(OH), (3) 

Dihydroxymethane and bisulphite form an addition 
product, hydroxymethanesulphonate, which is re- 
sistant to oxidation:” 

H,C(OH), + HSO; = H,C(OH)(SO,)- + H,O (4) 

Reaction (4) is reversed at high pH, so the addition 
product is a convenient means of fixing sulphite as 
long as the sample pH can be kept below 7 until the 
time of analysis.“.23-2s This is particularly convenient 
for ion-chromatography (IC) methods because there 
is usually no obstacle to keeping the sample pH below 
7, and the IC eluent pH is > 11, causing the reversal 
of reaction (4). Furthermore, hydroxymethanesul- 
phonate can be crystallized as a sodium salt, 
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Fig. 1. Mechanisms of S,2 reactions in mixtures of sulphoxy species: 
A. Nucleophilic attack of thiosulphate on trisulphane monosulphonate, yielding tetrasulphane mono- 

sulphonate and sulphite. 
B. Ring closure of octasulphane monosulphonate, yielding solid sulphur and bisulphite. 
C. Alternative direction of attack of thiosulphate on trisulphance monosulphonate, yielding disulphide 

and tetrathionate. 
D. Rearrangement of Wackenroeder’s solution, a mixture of sulphite, thiosulphate, and polythionates. 

NaSO,H,COH, a stable primary standard for 
sulphite.23 

Thiosulphate is not as sensitive to air oxidation as 
sulphite, and the anhydrous sodium salt is suitable as 
a primary standard. Thiosulphate is, however, easily 
oxidized in solution by transition metal ions, so this 
reaction must be quenched. Thiosulphate is most 
stable at near-neutral pH so its storage at pH 6 is 
compatible with the storage of hydroxy- 
methanesulphonate. The sulphur in polythionates is 
oxidized indirectly, by oxidation of the thiosulphate 
or sulphite produced from them by reaction (2). To 
prevent this or an alteration of polythionate chain 

length by means of reaction (2) the polythionates can 
be reacted with cyanide, a strong nucleophileY8 

S,,O:- + (n - 3)CN- + 20H- --t SO:- + HZ0 

+ S20:- + (n - 3)SCN-; n = 4-6 (5) 

Reaction (5) is very rapid at room temperature for 
pentathionate and hexathionate, and requires 1.5 min 
for tetrathionate.47 Trithionate, S,Oi-, can also be 
cyanolysed, but several hours or heating in a boiling 
water-bath and an extra determination are re- 
quired.‘4*47 Trithionate was not dealt with in the 
present work, but the analytical procedure could be 
modified to include it. Thiosulphate reacts with cy- 
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Sample, 7 ml 

Filter 

Aliduot 1 
t 

Aliquot 2 

5 ml of sample 2 ml of sample 

+ + 

50 ul of 37% aqueous formaldehyde 0.1 g of Na-Amberlite 

+ + 

0.1 g of Na-Amberlite 2 ml of pH 7.4 phosphate 

I 

buffer 

Eluent 2 + 

Analyse for S20g- (first) 2 mlof O.lM KCN 
- 

I 

Eluent 1 Eluent 2 

Analyse for SO:- and SOi- 
1 

Analyse for S20:- and SCN- 

(second) (third) 

Fig. 2. Sample splitting and treatment. Aliquot 1 was used for direct analysis for thiosulphate, sulphite 
and sulphate; aliquot 2 was used for indirect analysis of cyanolysed polythionates. 

anide in the presence of transition metal ions, such as 
Fe(II1) or Cu(I1). This reaction would interfere with 
the direct determination of thiosulphate, resulting in 
under-recovery. In our method, a sodium-saturated 
cation-exchange resin was added to the samples to 
reduce transition metal concentrations and, thereby, 
to reduce thiosulphate oxidation and cyanolysis. 

An advantage of cyanolysis over any direct tech- 
nique for determination of polythionates is that 
primary standards are available for thiosulphate and 
thiocyanate. Only sodium tetrathionate can be ob- 
tained commercially, and then not in high purity, and 
the synthesis of high-purity polythionate salts is 
tedious. Furthermore, decomposition of polythionate 
salts during storage is inevitable. Previous studies of 
cyanolysis have substantiated the 1: 1 ratio of recov- 
ered thiosulphate to original polythionate, shown in 
reaction (5),‘4,‘9948 so it was not considered necessary 
to have a pure polythionate salt available for the 
present work. An advantage of ion-chromatographic 
analysis over spectrophotometric determination of 
cyanolysis products is that it can determine thio- 
sulphate and thiocyanate simultaneously. This allows 
the determination of the average polythionic com- 
position from equation (6) which can be derived 
from the stoichiometry of reaction (5): 

fi = ([SCN-]/[S,O;-1) + 3 (6) 

EXPERIMENTAL* 

Sample treatment 
Samples from laboratory experiments were filtered 

through 0.45pm pore-size Gelman or Millipore mem- 

*The use of brand names in this report is for identification 
purposes only and does not imply endorsement by the 
U.S. Geological Survey. 

branes, and field samples were filtered through O.l-pm 
pore-size filters to exclude sulphur-oxidizing bacteria. The 
filters were leached with at least 500 ml of distilled water in 
the laboratory or SOOml of sample water for field work 
before the samples were collected. After filtration, samples 
were immediately split into two aliquots and stabilized, and 
were analysed within 10 days, as shown in Fig. 2. Between 
collection and analysis the samples were stored at 2-5”. 

Reagents 

Phosphate buffer (PH 7.4). Prepared by titrating 0.5M 
potassium dihydrogen phosphate with 2.OM sodium phos- 
phate to pH 7.4. 

Potassium cyanide solution, 0.1 M. 
Eluent I. A 0.75mM sodium carbonate+0.75mM 

p-cyanophenol solution adjusted to pH 11.4 with 2.OM 
sodium hydroxide. 

EIuent 2. A 3.0mM sodium carbonate +0.75mM 
p-cyanophenol solution adjusted to pH 11.8 with 2.OM 
sodium hydroxide. 

Combined S,O:-/SCN- standards. Prepared with pH-7.4 
phosphate buffer in the same dilution as in aliquot 2 (Fig. 
2, i.e., 1: 2 buffer:standard solution). All standard salts were 
stored in a desiccator and protected from strong light. Stock 
solutions were discarded after calibration standards had 
been prepared from them. New calibration standards were 
mixed not less frequently than every 4 weeks and re- 
producibility records were kept to detect deterioration. 
Solutions were also prepared from Na,SO, and Na,S,O, and 
mixed to simulate the collection of unstable samples. The 
tetrathionate solutions had to be filtered through 0.45~pm 
membranes to remove the elemental sulphur formed by 
decomposition during storage. 

Preparation of Na-Amberlite. Amberlite CG-120 cation- 
exchange resin, sodium-form (chromatographic grade, Mal- 
linckrodt), lOO-200mesh, was washed well with demin- 
eralized water, charged with sodium ions by soaking for 
24 hr in l.OM sodium chloride, rinsed with demineralized 
water until the conductivity of the efliuent equalled that of 
the demineralized water, and allowed to dry thoroughly. 
The exchange capacity of each batch must be experimentally 
determined (see Results). 

CAUTION. Cyanide and thiocyanate salts and solutions 



Sulphate, sulphite, thiosulphate and polythionate 335 

are toxic and should be handled with care. Formalin is toxic 
and a suspected carcinogen. Cyanolysis and formalin treat- 
ment should be done in well-ventilated areas. p- 
Cyanophenol is an irritant, and though its toxic status is 
unclear it should be handled with care. 

IC methoak 

The output of a Dionex Model 14 Ion Chromatograph 
was recorded on a Honeywell dual-pen lOOO-mV strip-chart 
recorder. Results were quantified by measuring peak height 
and normalizing with respect to conductivity units @S/cm). 
Integrating the peak area does not give better precision than 
measuring the peak height does. 

Two sets of operating conditions were used. 

A. For aliquot 1, SO!- and SO:- 

Eluent 1: 0.75mM Na,C0,/0.75mM p- 
cyanophenol/pH 11.4 

Flow-rate 40% (3.1 ml/min) 
System pressure: 80-280 psig 
Precolumn: none 
Separator column: 4 x 140mm L-20 anion sepa- 

rator (Dionex No. 30364) 
trimmed to 72mm length 

Suppressobcolumn: 6 x 250mm anion suppressor 
(Dionex No. 30064) 

Suppressor regenerant: l.ON H$O, 
Injection loop volume: lOOp1 
Conductivity (full-scale): 300 p S/cm (strip-chart, full-scale: 

1>150pS/cm) 

B. For aliquot 1, S,O:- and for aliquot 2, S,O:- and 
SCN-: as for A above, except: 

Eluent 2: 

Separator column: 

Calculations 

3.0mM Na,CO,/O.‘ISmM p- 
cyanophenol/pH 11.8 
4-x l&mm i-20 anion sepa- 
rator (Dionex No. 30364), 
trimmed. to 95 mm length. 

Concentrations were calculated from the slopes of the 
calibration curves. For the determination of S,Oz- in 
aliquot 2 the following calculations were needed. 
(1) Calculate S,O:-: 

[S.O,] = [S,O:-] in aliquot 2 - [S,O:-] in aliquot 1 

(2) Calculate ii: 

A = ([SCN-]/[S,O;-1) + 3. 

Determination of method detection limit (MDL) 

The MDL was experimentally determined by the follow- 
ing procedure.49 

1. A useful estimate of detection limit was obtained by 
converting the minimum readable recorder deflection (2 
chart units in 1000 with our recorder) to an equivalent 
concentration by use of a previously-obtained calibration 
graph for the constituent in question. 

2. Seven aliquots of a standard of concentration 3-5 
times the estimated MDL were handled and analysed 
according to the procedure given above, and the standard 
deviation, S, , was calculate:. 

3. The S.. value was multiolied bv the Student-t value 
(one-tailed iest) for 6 degrees-of freehorn (d.f.) at the 99% 
confidence level 0, = 0.01) to obtain the MDL 
(MDL = 4.317 S,). 

4. The upper and lower 95% confidence limits (95% UCL 
and 95% LCL) for the MDL were calculated from the x2 
distribution: 

LCL 

JZGW <MDL<J&? 

for d.f. = 6, this reduces to LCL = 0.64 MDL; UCL = 2.20 
MDL. 

RESULTS AND DISCUSSION 

Calibration and sensitivity 

Figure 3 shows typical chromatograms obtained by 
this method. Table 2 summarizes the data on sensi- 
tivity, MDL, and retention times. 

The linear correlation coefficient for calibration of 
each species was excellent for such a wide range of 
concentration (in each case, r > 0.999, significant at 
<< 1% level), but there was > 9% variability in method 
sensitivity (defined as ratio of response to concen- 
tration) for sulphite and sulphate over this range. 
There were no trends, however, so, rather than 
attributing the variability to a gain or loss of conduc- 
timetric sensitivity with increasing concentration, we 
regard it as due to inefficiency of the weak eluent that 
was used for these species. Calibration over a nar- 
rower range (for example, by bracketing standards 
around a group of samples of similar concentration), 
gave much-improved precision. For example, the 
sulphate sensitivity in the range 10&200&W, had a 

‘cm 
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1.5pS/cm 
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Fig. 3. Chromatograms obtained by injecting standards 
mixed in O.OlM NaCl and treated with 37% aqueous 
formaldehyde (1: 100); specific conductance is shown in 
pS/cm. A, 1OOpcM sulphite and sulphate; B, 1OOpM thio- 

sulphate and thiocyanate. 
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Table 2. Performance data for IC analyses for SO:-, SO:-, S,O:- and SCN- (calibration range 
= 0-1OOOjlM) 

Experimental MDLg 
Retention time?, Sensitivity& Estimated MDL$, (95% UCL; 95% EL), 

Species Eluent* min PSlcmlltM PM PM 

so;- 1 6.0 0.0127 (+9.6%) 2.36 5.44 (11 .o; 3.48) 
so:- 1 8.0 0.0360 ( f 9.2%) 0.83 4.58 (10.1; 2.93) 
s,o:- 2 8.0 0.0321 (+4.3%) 0.93 5.33 (11.7; 3.41) 
SCN- 2 11.4 0.0094 ( f 3.3%) 3.19 4.14 (9.11; 2.65) 

*Eluent 1 = 0.75mM Na,C0,/0.75mM pcyanophenol/pH 11.4; 
Eluent 2 = 3.OmM Na,CO,/O.‘ISmM g-cyanophenol/pH 11.8. 

tTypica1 retention time for 100,uM standard in O.OlM NaCl. 
#ensitivity = (conductimetric response/concentration), (5 RSD%) (N = 6), measured across the calibration 

$Es?~~cd by calculating concentration equivalent to 2/1000 of full-scale deflection (the limit of chart 
readability) for 300 pS/cm full-scale conductance and 50 mV full-scale voltage. 

~Detennined by method of Ref. 49; N = 7; defined matrix: O.OlM NaCl, 1% 37% formaldehyde solution, 
sinale-snecies standard about 3 times the concentration of estimated MDL; UCL, LCL = upper and lower 

I _  

confidence limits. 

relative standard deviation (RSD) of 0.9% (N = 5). If 
the origin was included (i.e., calibration from 0 to 
200/.&Q, the linear regression slope differed from the 
mean sensitivity by ~0.2%. In contrast, the sensi- 
tivity for thiosulphate and thiocyanate, which were 
eluted with a stronger eluent, showed little variability 
over the range from 10 to lOOOpA4. The sensitivity 
differed from the linear regression slope by <0.9% 
for thiosulphate and ~2.1% for thiocyanate. 

Cyanolysis calibration (see Table 3) based on a 
sodium tetrathionate salt of approximately 83% pu- 
rity also showed very good linearity over the 
&lOOO@f range (r > 0.999, significant at <cl% 
level). Figure 4 shows a chromatogram of thio- 
sulphate and thiocyanate in the presence of the 
phosphate buffer. Injections of standard solutions 
and a blank, prepared in the buffer, were required for 
the accurate and precise interpolation of the baseline 
under the thiosulphate and thiocyanate peaks. 

Separation and interferences 

The L-20 separator columns were essential for 
rapid analysis, but the two L-20 columns used in this 
work had very different performance characteristics. 
This indicates the need to evaluate the column per- 

formance at an early stage in development or setting 
up of the method. Of these two column% one was 
“too fast” for sulphite and sulphate, even with very 
weak eluents. With a strong eluent, however, it 
separated thiosulphate and thiocyanate into well- 

‘0 
.L 
.E 

CL- 

1 
so:- 
PO:- 

1.5 pS/cm 

0 2 4 6 8 10 12 14 

MINUTES 
Fig. 4. Chromatogram obtained by injecting a cyanolysed 
aooroximatelv 1OOuM S,O?- standard in O.OlM NaCl and 
phosphate bnffer; the standard was treated in the same way 

as aliquot 2 sample. 

Table 3. Cyanolysis calibration 

s,o;-*, S,Oz- recovery& 
PM s,o:~/s@- t % SCN-/S,O:-$ 

10 0.842 101.5 1.200 
50 0.822 99.0 1.124 

100 0.823 99.2 1.086 
500 0.922 111.1 0.989 

1000 0.927 111.7 0.981 
mean 0.867 104.5 1.076 

r.s.d. (N = 5) 6.1% 6.1 8.6% 

*These concentrations assume that the Na,S,O, was pure. 
TEstimated recovery of S.,O:-, if the Na,S,O, were pure. If extrapolated to infinite 

dilution, these data suggest 83% purity and an increase in S,O:- recovery of 
about 1 .l%/lOO~M S,O:- (these conclusions are significant at < 5% level, N = 5). “. 

§Based on 83% purity. _ 
JTbis ratio gives g in S,O:-(n = ratio + 3). Extrapolating to infinite dilution suggests 

Fi = 4.139 and a decrease in ratio of about l.9~0/100pcM S,,Oi- (these conclusions 
are significant at ~5% level, N = 5). 
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resolved, rapidly eluted peaks. The other column was 
“too slow” for thiosulphate or thiocyanate, except 
with very strong eluents, and these rapidly expended 
the suppressor column; this column worked very well 
for sulphite and sulphate. These columns have plastic 
bodies and were carefully trimmed in length to 
optimize retention time and resolution. 

Figure 3 shows that chloride (10OmM) and for- 
mate (100pM) did not interfere in sulphite and 
sulphate determination. Carbonate could not be de- 
tected except at high concentrations (>3mM); even 
at higher levels it did not interfere, because it was 
eluted in about 4 min. Eluent 1 eluted acetate (lmA4) 
in about 3 min. Nitrite and nitrate when present at 
> 10pM concentration interfered with sulphite deter- 
mination. Figure 4 shows that phosphate up to 
0.16M did not interfere in thiosulphate or thio- 
cyanate determinations, though baseline extrapo- 
lation is needed at high concentrations. Phosphate 
interfered with determination of sulphate in aliquot 1 
if the eluent pH was not adjusted properly; a pH that 
was too low caused the elution of HPO:- at about the 
same time as sulphate. Raising the pH allowed longer 
retention of the phosphate and complete resolution of 
sulphate and phosphate, because of dissociation of 
HPO- to PO:- in the eluent stream. The pK, for this 
dissociation is 12.3, but the pH did not have to be 
raised to this value to resolve sulphate and phos- 
phate. In fact, pH 12.3 (20mM OH-) gave an eluent 
that was much too strong for determination of sul- 
phite and sulphate. In the case of eluent 2, adjustment 
to pH 11.8 was required for the rapid elution of 
thiosulphate and good resolution of thiosulphate and 
thiocyanate. 

Quenching sulphite and thiosulphate oxidation 

The efficacy of a 1% v/v addition of formaldehyde 
as a fixative for sulphate is demonstrated in Fig. 5. 
The samples were stored in closed plastic bottles. 
Even though refrigeration slowed the oxidation of 
sulphate, it was neither a substitute for, nor a helpful 
adjunct to, formalin treatment. 

To determine whether Na-Amberlite is an effective 
agent for removing iron from samples, 0.1 g of Na- 
Amberlite was added to each of five 5-ml aliquots of 
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Fig. 5. Efficacy of 1:lOO v/v addition of 37% aqueous 
formaldehyde solution as a sulphite fixative. 100x= 
approximately 100@4 SO:-; 25°C denotes storage at room 

temperature; 3°C denotes refrigerated storage. 

a 1mM solution of Fe(II1) (FeCI, . 6H20) and, after 
24 hr the iron concentration was determined by the 
Ferrozine method.M The Fe(II1) concentration was 
decreased to 18.1pM (r.s.d. 20%) or about 1.8% of 
the original concentration. This single-point mea- 
surement suggests a cation-exchange capacity of 
about 147 peqlg. This decrease in iron concentration 
enabled IOOpM thiosulphate/lmM Fe(II1) medium 
(if treated with 1% of formalin and 0.1 g of Na- 
Amberlite) to be kept for 1 week with a thiosulphate 
loss of only about 12.5pM (r.s.d. 8.4x, N = 5). 
Refrigeration (at 2-5”) extended this storage period 
to about 6 weeks, with a similar loss. Addition of 
formalin alone to the thiosulphate/iron system al- 
lowed a loss of almost 100% over 1 week and no 
treatment at all allowed a loss of almost 95% in only 
4 hr. 

To determine the potential for sulphate inter- 
ference resulting from the use of Na-Amberlite, 0.1 g 
of Na-Amberlite was added to each of five 5-ml 
aliquots of demineralized water. After 24 hr, the 
average sulphate concentration was 18.1pM (r.s.d. 
2.2%). This concentration is equivalent to 90.5 
nmoles of sulphate in the 5 ml of solution. The 
excellent reproducibility of this sulphate concen- 
tration, regardless of time elapsed between addition 
of Na-Amberlite and analysis (4-30 hr), suggests that 
this interference was governed by a rapidly attained 
stable equilibrium. This conclusion is further sup- 
ported by the fact that addition of 0.1-g portions of 
Na-Amberlite to 5-ml aliquots of standards covering 
the lo-1OOO~M range caused less than 1% change in 
the slope of the calibration graph, and the amount of 
sulphate added by the Na-Amberlite decreased with 
increasing standard concentration. Thus, the process 
by which Na-Amberlite adds sulphate to samples 
seems to be controlled by equilibrium with the sul- 
phate in solution. For each batch of analyses, deter- 
mination of the effect of the Na-Amberlite addition 
on blanks and on standards with sulphate concen- 
tration less than 100pM is recommended. 

Analysis of mixtures 

The sodium tetrathionate that was used for in- 
vestigating cyanolysis contained sulphate and sul- 
phite as decomposition products, and therefore solu- 
tions made from this salt were really mixtures. 
Analyses of this mixture over the 0-1000pM range 
revealed behaviour that was qualitatively consistent 
with that discussed in the introduction to this paper. 
The average ratio of recovered thiosulphate to that 
expected (assuming 100% pure tetrathionate, see 
Table 3) suggests that this salt was only about 87% 
pure in terms of tetrathionate. There was, however, 
a weak trend toward increased recovery at higher 
tetrathionate concentrations, and extrapolation of 
this trend to infinite dilution of the salt gave an 
estimate of 83% purity. The average ratio of thio- 
cyanate to thiosulphate indicated ii = 4.08, but the 
extrapolation suggested g = 4.14. 
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We prefer the extrapolated estimates of purity and 
A to the average values, because the latter were biased 
by solution chemistry in the calibration standards. 
The pH of these salt solutions was >7 and, as 
reaction (2) shows, such a mixture should tend to- 
ward chain-shortening; this process would be acceler- 
ated at higher concentrations. Chain-shortening be- 
fore cyanolysis would cause a decrease in thiocyanate 
recovery and, therefore, in SCN-/S,O:- ratio. Al- 
though the tetrathionate salt contained no detectable 
thiosulphate impurity, reaction (2) in reverse would 
yield some thiosulphate, and this could account for 
the observed increase in thiosulphate recovery at 
higher concentrations. Similarly, Urban48 observed a 
decrease in thiocyanate recovery over 4 days in a 
solution of hexathionate; he attributed this behaviour 
to chain-shortening as the solution aged.48 We have 
observed concentrated solutions (50&5000pM) of 
tetrathionate to precipitate sulphur on standing 
(equivalent to chain-shortening accompanied by de- 
composition of the resultant thiosulphate). For ex- 
ample, 1 litre of a 5000pM solution lost 40.7 mg of 
elemental sulphur (159 pmoles of S,) on standing for 
2 weeks at room temperature. 

Although mixtures of polythionates cannot be 
expected to remain constant in composition, samples 
that have been cyanolysed can be expected to main- 
tain a constant ratio of SCN-/S,O:-, subject to the 
constraints on thiosulphate stability. This ratio 
showed some variability for a cyanolysed lOO/rM 
tetrathionate standard over 2 weeks (1.086, r.s.d. 
9.2x, N = 5), but there was no trend towards de- 
creasing or increasing ratio during this period. 

were within 6% of those expected, but the “true” 
recovery is probably slightly less because some of the 
sulphite was an artefact produced in the rear- 
rangement of the uncyanolysed polythionate in 
aliquot 1. We attribute the under-recovery of 
thiosulphate to the same process, namely chain- 
lengthening of the polythionate through reaction (2) 
at pH <7 (see Fig. 1D). The observed increase in 
thiocyanate/polythionate ratios also suggests that 
chain-lengthening took place in aliquot 2 before 
cyanide was added, in which case the polythionate 
concentrations should not change; Table 4 shows the 
polythionate recoveries are all close to 100%. Sul- 
phate over-recovery was most likely due to the ox- 
idation of sulphite that took place before the formalin 
addition (the sulphate expected was that from con- 
tamination of the sulphite and polythionate salts). 
Finally, the over-recovery of total sulphur was due to 
the great increase in 7i over that expected from the 
cyanolysis calibration in high pH solutions. The 
expected value was biased low for a mixture at pH 6. 
The discrepancy between total sulphur expected and 
found was less than the discrepancy between ii ex- 
pected and found, because of the under-recovery of 
thiosulphate. 

CONCLUSIONS 

To demonstrate the analysis of mixtures of all four 
sulphoxy anions by this method, three mixtures of 
SO:-, SO:-, S,O:- and S,Oi- were prepared. The pH 
of each was adjusted to -6, appropriate for storage 
of hydroxymethanesulphonate and thiosulphate. 
Replicate analyses were performed by the procedure 
given, and the results are presented in Table 4. 

An IC method has been developed for the direct 
determination of sulphite, sulphate and thiosulphate 
in one formalin-treated sample aliquot, by use of two 
eluents in succession and the same column. Poly- 
thionate concentration and composition are deter- 
mined indirectly in a second aliquot by IC analysis 
for thiosulphate and thiocyanate produced by cy- 
anolysis. Other sample treatments include filtration, 
addition of a cation-exchange resin, and storage at 
2-5”. This combination of treatments permits sam- 
pies to be stored for up to 6 weeks with only slight 
loss of thiosulphate. 

If these results are taken to represent typical per- Development of the IC method involved consid- 
formance of this method for analysing mixtures, we eration of column length and resin material, eluent 
can make the following observations. Sulphite values strength and pH, and the sampling and storage 

Table 4. Analyses of mixtures of SO:-, SO:-, Sz03- and S,Oi- 

Mixture A Mixture B Mixture C 

Expected, Found, r.s.d.*, Expected, Found, r.s.d.*, Expected, Found, r.s.d.*, 

PM PM % PM PM % PM PM % 

so:- 36 34.8 1.4 1.2 6.82 1.1 12 15.5 1.0 
so:- 250 261 8.2 244 240 6.6 250 266 1.8 
s,o:- 25 20.9 2.0 50 42.5 I.0 10 8.45 5.3 
s,o;- 20.8 20.4 1.5 83.0 81.5 1.1 41.5 38.5 3.9 

Total S 422t 4385 5.2 695t 1293 2.8 514t 5475 4.5 

Ratios 
SCN- 
s,o;- 1.139$ 1.960 5.1 1.1391 1.815 1.5 1.1391 1.901 1.9 

*N=4. 
tTota1 S expected was determined in the same way as total S found (see $), except ii assumed to be 4.14, according to the 

cyanolysis calibration. 
§Total S found = Ti [S,Oi-] + 2[S,O:-] + [SO:-] + [SO:-], where fi = (SCN-/S,Oi-) + 3. 
j.The expected ratio was based on the values extrapolated to infinite dilution from the cyanolysis calibrations. 
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treatments. An important factor not considered, 
however, was injection-loop volume. With all other 
factors kept constant, increase in the loop volume 
would be expected to increase the sensitivity and 
decrease the MDL. 

In analysis of mixtures, the method has produced 
results which substantiate the qualitatively known 
pH-dependent behaviour of mixtures of sulphoxy 
anions. The method should provide the means to 
develop a more quantitative understanding of the 
pH- and time-dependent changes in such complex 
mixtures, particularly the Wackenroeder equilibrium 
represented by reaction (2). 
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Summary-The determination of traces of chloride by means of the molecular absorption of AlCl in 
graphite cuvettes is described. An extraction method for separation and preconcentration of the chloride 
has been developed, to avoid matrix effects. Extraction was done with 0.03M triphenyltin hydroxide in 
o-xylene, and stripping with 0.025M barium hydroxide. The method is sensitive and specific for chloride. 
The detection limit is about 1.5 ng of chloride, and the chloride content of 20 ml of 10m7M solution can 
be determined. The determination is possible in presence of excess of bromide and iodide. 

As indicated in our previous paper on bromide 
determination,’ the determination of traces of chlo- 
ride is an important and difficult practical problem. 
Sensitive determination is possible by use of ion- 
selective electrodes, but the accuracy, especially in 
presence of bromide, is not good. As we have shown,’ 
sensitive and selective determination of chloride ions 
is possible by means of the molecular absorption 
spectrometry (MAS) of diatomic chloride-containing 
molecules (e.g. AlCl, GaCl, InCI), generated by evap- 
oration in a graphite furnace. Fuwa and co-workers 
have also worked in this field.3*4 In recent years this 
method has been extended to the alkaline-earth metal 
chlorides.5,6 

An important disadvantage of MAS with electro- 
thermal vaporization is the significant interference 
from the matrix, which affects both the MA signals 
and the background. 

It was shown in our previous paper’ that 
liquid-liquid extraction, e.g., with triphenyltin hy- 
droxide (TF’TH) followed by back-extraction into an 
aqueous solution of sodium or barium hydroxide, 
makes it possible to improve the sensitivity and 
accuracy of determination by MAS. This is achieved 
by means of the preconcentration by extraction and 
back-extraction and the simultaneous separation of 
metal cations and some anions which interfere with 
the subsequent absorption measurements. 

Bock et a1.,7s8 and Schweitzer and McCarthy’ have 
shown that TPTH solutions in methyl isobutyl ke- 
tone (MIBK) or benzene can extract chloride ions at 
pH 1.6-4.4. In the present work we have studied the 

extraction of chloride by TPTH from more acidic 
solutions, for the purpose of preconcentration of 
chloride and its separation from large amounts of 
metal cations and also from some anions which can 
be extracted by organotin compounds.7-‘0 o- 
Xylene, which gives higher distribution coefficients 
than MIBK and benzene for halide ions, was used as 
diluent. The data obtained were used to develop a 
method of determining chloride in aqueous solution 
by MAS. 

EXPERIMENTAL 

Apparatus 

The molecular absorption was measured with a Jarrell 
Ash double-channel double-beam AA spectrometer, type 
811, fitted with a Beckman graphite furnace, type 1268. The 
light-source was a hydrogen hollow-cathode lamp run at 
35 mA. The molecular absorption of AlCl was measured at 
261.4 nm. For background correction the two-line method 
was used, the non-specific wavelength being 260nm. 

The distribution of chloride between the organic and 
aqueous phase was estimated radiometrically with ‘*Cl. The 
radiochemical purity of the )*Cl was tested by means of a 
Ge(Li) detector and Nokia SOO-channel analyser P4840) as 
well as from half-life measurements. The radioactivity of the 
organic and aqueous phases was measured with Tesla 
Liberec NRG 603 automatic gamma spectrometer. 

Reagents 

mH solutions were prepared by equilibration of 0.03M 
triphenyltin chloride (or bromide) solution in o-xylene with 
several portions of 0.1 M aqueous sodium hydroxide (phase- 
volume ratio 1: 1) until no further chloride was found in the 
aqueous phase. The organic phase was washed free from the 
hydroxide with water and then filtered. The concentration 
of TPTH in the diluent was 0.03M and the concentration of 
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Fig. 1. Molecular absorption spectra of the AlCl molecule (measurement point by point): curve 1, 1 ng 
AIS+; 27 ng Ba-‘+ 0.2 ng Cu-/lO ~1: curve 2, 1 ng Al’+; 27 ng Ba*+/lO ~1. 

chloride in the initial aqueous solution, unless otherwise 
noted, was 10-6-10-4M, for the extraction studies. The 
following aqueous stock solutions were used: Al)+ 10 mg/ml 
[Al(NO,),]; NaOH O.lM; Ba(OH), 0.05M; Cl- 1 mg/ml 
(NaCI); X 10 mg/ml (X = Br-, I-, SO:-, as Na+ salts); M 
lOmg/ml (M = K+, Mg*+, Gal+, Co*+, Ca2+, Ni2+, ZnZ+, 
as nitrates). 

Procedures 
Absorption spectra. The molecular absorption of AlCl was 

measured between 200 and 400 nm, point by point. Figure 
1 shows part of the spectrum. 

Analytical investigations without extraction. Micro- 
volumes (10 ~1) of solutions containing Cl-, Al’+ and Ba2+ 
ions were placed in the graphite furnace. After drying and 
ashing, the substances were evaporated in the so-called 
evaporation phase, (equivalent to the atomization phase in 
AAS), and the AlCl MA signal was measured. 

Analytical determinations with extraction. Stoppered glass 
test-tubes or separatory funnels were used for distribution 
of chloride between the two phases. The extraction was done 
with different VJV, ratios. When V, = V,, the volume of 
each phase was 3 ml. The extraction studies were done at 
room temperature, and the phases were shaken for 3 min (it 
was established beforehand that equilibrium was attained in 
less than 3 min in all the systems studied). An aliquot of 
each phase was taken for the radioactivity measurement, 
from which the recovery factors (Rx) were estimated. 

For the back-extraction 0.05M barium hydroxide was 
used. After separation of the stripping solution, an appro- 
priate microvolume of aluminium solution was added and 
an aliquot was placed directly in the graphite furnace. 

RESULTS AND DISCUSSION 

Investigation of the extraction 

The data in Table 1 for the extraction of chloride 
from O.OlM nitric acid with V,/V,, = 1, as a function 

of chloride concentration in the initial aqueous sol- 
ution (Co_) show that high recovery values are 
achieved if C,_ < lo-* M. Increasing the nitric acid 
concentration in the aqueous phase up to 5M does 
not affect the extraction with V,/F’,, = 1. Even with 
V,/V,, = 0.1, the recovery of chloride is prac- 
tically quantitative (Table 2). Large amounts of metal 
cations such as Ni*+ or K+ (Table 2) and other 
non-ferrous, alkali-metal and alkaline-earth metal 
ions do not suppress the extraction of chloride. The 
metal cations themselves are practically not extracted 
by TPTH. Other halide ions and some oxo-anions 
extracted by organotin reagents7-9 can affect the 
recovery of chloride, by competition for the reagent. 
The extraction of chloride from 0.1 and 1M nitric 
acid in the presence of ammonium or sodium bro- 
mide, iodide, sulphate and phosphate at V,/ V,, = 0.2 
was examined. Bromide and chloride do not influence 
the recovery of chloride if their concentrations in the 
aqueous solution are below 3 x lo-‘M. Phosphate 
does not suppress the extraction from 1M nitric acid, 
but for extraction from O.lM nitric acid IO-*M 
phosphate lowers the recovery for chloride to 90%. 
Sulphate does not interfere with the extraction from 
0.1 or 1M nitric acid even at concentrations as high 
as O.lM. 

The back-extraction of chloride by sodium and 
barium hydroxide solutions was studied (Table 3). 
Both hydroxides strip the chloride quantitatively 
from the TPTH extracts, which allows the MAS 
analysis to be done with the most convenient media.‘,* 
It should be noted that additional preconcentration 
of chloride is possible during the back-extraction. 

Table 1. Results of extraction of chloride ions by TPTH solution 

Cc,, M 7 x 10-S 1.7 x 10-e 1 x 10-x 1 x 10-Z 2 x 10-I 

Recovery, “/, 99.6 99.0 98.7 97.0 2.9 
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Table 2. The recovery factors in the extraction of chloride 
by 0.03M TPTH in o-xylene 

Aqueous phase 

O.OlM HNO, 

1M HNO, 

5M HNO, 
O.OlM HNO,, 0.3M KNO, 

O.OlM HNO,, 0.3M NitNO,), 

v0: v”q 

1:l 
I:5 
1:lO 
1:l 
1:lO 
1:l 
1:5 
1:lO 
1:5 
I:10 

Recovery 
% 

99.6 
98.5 
97.8 
99.8 
97.3 
99.6 
98.2 
97.6 
98.0 
96.6 

Table 3. The recovery factors in the back-extraction of 
chloride from 0.03M TP’TH in o-xylene extracts 

Back-extracting 
Recovery, % 

Concentration. 
agent - 

NaOH 

Ba@H), 

‘V,:V as 

M ’ 1:1* 2:1* 5:1* 

1 x 10-Z 99.8 99.5 - 
1 x 10-l 99.8 99.9 99.7 
1 x IO-2 99.9 99.9 - 
1 x 10-l 99.9 99.9 99.9 

Molecular absorption of AU (without extraction) 

MA spectra. As we have already shown2,” and in 
Fig. 1, for the AlCl molecule we found a narrow 
absorption band between 261.4 and 262.0 nm with a 
maximum at 261.4 nm. This is in agreement with the 
literature,12 which gives the maximum for the A-band 
system (X’Z+-+A’rc) as being at 261.4 nm 
[v//V” = O/O (Q)]. Because we found a narrow band, 
it was possible to correct the background by 
difference measurements with the two-line method 
(261.4/260.0 nm). 

In principle it is also possible to use the molecular 
absorption of CaC1,2 InC12 and MgCl’ for the deter- 
mination of chloride, but because the AlCl system 
gives the highest sensitivity, we investigated this 
system together with extraction. 

Optimization of thermal conditions. The tem- 

perature of the drying, ashing and evaporation steps 
has a great influence on the AK1 MA-signal.2*” It is 
important to avoid losses of chloride ions in the first 
two steps and to obtain simultaneous evaporation of 
aluminium and Cl- in the third step. The best 
evaporation temperature is the maximum tem- 
perature of the furnace. In the second phase we can 
use temperatures up to 1000” without losses of chlo- 
ride. 

Optimization of chemical conditions for deter- 
mination. The addition of 0.05M barium hydroxide 
up to a concentration of 0.025M influenced the 
height of the AlCl MA-signals by decreasing the 
volatilization of free chloride species (see also refer- 
ences 2 and 11). In the drying phase Ba-Cl species are 
formed, as solid residues. These substances are ther- 
mally stable and losses of chloride as HCl by thermal 
hydrolysis in the ashing phase are avoided. At high 
ashing temperatures the solid residues react with the 
graphite of the tube, forming carbides containing Ba 
and Cl. Therefore the evaporation rate of the chloride 
decreases and there is simultaneous evaporation of 
Ba, Cl and Al. In accordance with the dissociation 
energies2*“xi2 AlCl molecules are formed in the 
plasma. 

Analytical results of chloride determination by AK1 
MA 

Pure solutions with and without extraction. First we 
established the dependence of the AlCl MA-signal on 
the chloride concentration, under the optimal condi- 
tions 1 pg of A13+ and 30 pg of Ba2+ per 10 pl. The 
results are shown in Table 4. The blank absorbance 
of 0.03 cannot be compensated for. The reciprocal 
sensitivity is 1.5 ng of Cl- for 0.01 absorbance, which 
means that it is possible to determine 1.5 ng of 
chloride in 10 ,ul of aqueous analyte solution (i.e. 
4 x 10W6M solution). The reciprocal sensitivity is 
comparable with the 3s detection limit for mea- 
surements in graphite furnaces. It is possible to 
improve the detection limit by using a larger sample 

Table 4. Results of the chloride determination by AlCl MA with and without pre- 
liminary extraction of chloride 

Absolute Relative reciprocal Linear 
Sample volume reciprocal sensitivity working 

and injection sensitivity, range, 
volume ng for A =O.Ol ppm M Q? 

Without extraction 
lo/l1 1.5 0.15 4 x IO-6 1.5-50 
4Opl 1.5 0.038 10-6 1.5-50 

With extraction 
10 ml* 

lo/l1 1.5 0.03 8 x lo-’ 1.5-50 
40 /ll 1.5 0.00075 2 X 10-7 1.5-50 

20 ml? 
10 /ll 1.5 0.015 4 X IO-’ 1.5-50 
40 nl 1.5 0.0038 10-7 l..S50 

*Preconcentration 5-fold. 
tpreconcentration IO-fold. 
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Fig. 2. Dependence of the AlCl MA on the presence of other anions: 1, with preliminary extraction of 
the Cl- ion from O.lM HNO, by 0.03M TPTH in o-xylene; 2, without extraction. 

volume. Extraction was combined with the AlCl Effects of other anions, with and without extraction. 
determination in the following way. A lo- or 20-ml The influence of other anions is shown in Fig. 2. 
sample (O.lM nitric acid medium) was extracted with Halides strongly depress the signal both with and 
4 ml of 0.03M TPTH solution in o-xylene. Exactly 3 without extraction. Nevertheless, it is possible to 
or 3.5 ml of the organic solution were separated and determine traces of chloride in presence of more than 
mixed with exactly 1.5 or 1.75 ml (VJV,, = 2) of lOOO-fold w/w ratio of iodide and bromide ions. The 
0.025M aqueous barium hydroxide solution and direct determination of chloride in presence of sul- 
shaken to strip the chloride. After separation of the phate is impossible because the sulphate forms in- 
phases 10~1 of aluminium stock solution were soluble barium sulphate with the barium in the 
added to 1 ml of the aqueous phase and the AlCl stripping solution. If O.OlM nitric acid medium is 
MA-signal was measured. The results are also shown used, sulphate is not extracted by organic TPTH 
in Table 4. By comparison of the results obtained solutions, and the interference of sulphate in the 
with and without extraction, we see that it is possible chloride determination is then avoided. Chloride can 
to improve the reciprocal sensitivity by about an be determined in the presence of more than 10000 
order of magnitude. This sensitivity is also very good times as much as sulphate. The direct determination 
in comparison to that of ion-selective electrodes. of chloride is possible in presence of up to 50-fold 

too .k 

50 

2 Ill ’ 

K+ 
1 

.-. 

\ 
l 2 

\ . 
’ 

Fig. 3. Dependence of the AlCl MA on the presence of some cations: 1, with preliminary extraction of 
the Cl- ion from HNO, by 0.03M TPTH in o-xylene; 2, without extraction. 
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Table 5. Results of the chloride determination by AlCl MA 
with extraction in presence of other salts 

Detection Detection 
limit, limit, 

Salt .oum Salt ppm 

extraction and selective determination by AlCl MA is 
a useful new trace technique for the determination of 
chloride. 

KNO, 0.1 Ni(NGJr 0.08 
Mg(NGJz 0.08 Co(NQ, 0.08 
Ln(NGJ, 0.1 Cu(NG,), 0.08 
Ga(N% 0.15 Zn(NG,)r 0.08 

w/w ratio of phosphate, which can be improved to 
lOOOO-fold ratio by extraction from l.OM nitric acid 

medium (from which phosphate is not extracted, 
because of protonation to H$04). 

Effects of other cations, with and without extraction. 
As shown previously and in Fig. 3, although many 
cations have an adverse effect on the direct deter- 
mination of chloride by the AlCl MA method, use of 
the extraction step improves the tolerance units for 
these cations by factors of 1000 and more. 

By using the optimum preconcentration and condi- 
tions and maximum sample concentrations of about 
0.1-0.3M, it is possible to determine traces of chlor- 
ide in certain metal nitrates at below the ppm level. 
Some results are shown in Table 5. We can conclude 
from these results that the combination of TPTH 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 
12. 
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Summary-Seven selected methods for determination of zinc in blood plasma by flame atomic-absorption 
spectroscopy have been compared. Analytical characteristics such as sensitivity, detection limit, precision, 
analytical recovery, accuracy and physical interferences were studied. Two of the seven methods are 
recommended as the most suitable for the purpose. 

Zinc is an essential nutrient and is contained at 
relatively stable levels in the biological fluids and 
tissues of healthy subjects. However, several diseases 
(diabetes, myocardial infarction, liver disorders, ath- 
erosclerosis, etc.) cause disturbances in zinc metabo- 
lism, resulting in an increase or a decrease in the zinc 
concentration in serum and blood plasma.‘-’ The 
determination of zinc in these biological fluids is 
therefore not only interesting, but necessary for 
proper diagnosis of such diseases. 

Zinc has been determined in serum and blood 
plasma by a variety of techniques, including neutron 
activation, fluorimetry, calorimetry, atomic- 
fluorescence, atomic-absorption and plasma atomic- 
emission spectroscopy. Of these, flame atomic- 
absorption spectroscopy (FAAS) is the most widely 
used for routine analysis because it is precise, simple, 
sensitive and is relatively free from interferences. 
Table 1 summarizes the methods described in the 
literature for the determination of zinc in serum and 
blood plasma by FAAS. 

The methods have been classed into four different 
groups according to the treatment of the samples and 
the standards. 

(1) Methods involving deproteination. 
(2) Methods based on sample dilution with demin- 

eralized water, and addition of some reagents to 
aqueous standards to obtain similar physical charac- 
teristics for the diluted samples and the standards. 

(3) Methods based on sample dilution with demin- 
eralized water and use of aqueous standards (without 
additional reagents). 

(4) Methods involving liquid-liquid extraction of a 
zinc complex and analysis by FAAS. 

Procedures in the first three groups are simpler 
than those in the fourth because they avoid the 
solvent-extraction step. So, from the methods pro- 

*Author for correspondence. 

posed in the literature we have selected seven: two 
involving sample deproteination’sz9 and five in- 
volving sample dilution with demineralized wa- 
ter.9~‘0~2’~28~30~3’ In two of these five methods, standards 
containing glycerol were prepared,28*30.3’ and in the 
other three,9*‘0*2’ aqueous solutions without any addi- 
tional reagent were used as standards. We have 
evaluated the seven selected methods in terms of 
accuracy, precision, detection limit, sensitivity and 
analytical recovery. 

We have also studied the effects of physical inter- 
ferences by taking into account changes in aspiration 
rate of samples and standards. Matrix interferences 
were studied by comparing the results from cali- 
bration curves with those obtained by the standard- 
addition method. 

We have followed the published procedures in all 
cases except for that given by Fuwa et a1.,9 where we 
employed an air/acetylene flame and a conventional 
burner instead of the flame and instrumentation used 
by the authors. 

Some of the methods selected were proposed only 
for determination of zinc in blood serum. However, 
in other publications the methods are said to be 
applicable to the determination of zinc in blood 
plasma. Since there is not too much difference be- 
tween serum and blood plasma from the analytical 
point of view, we have applied all seven methods to 
analysis of both materials. 

EXPERIMENTAL 

Instrumentation 
A Perkin-Elmer model 460 double-beam atomic 

absorption spectrophotometer was used with a zinc hollow- 
cathode lamp and a conventional air/acetylene burner. 

Reagents 
A lOOO-ppm zinc standard solution (“DILUT IT”, J. T. 

Baker Chemical Co.) was used as a zinc stock solution. 
Trichloroacetic acid, glycerol and potassium and sodium 
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Table 1. Methods for the determination of zinc in serum and blood nlasma bv FAAS 

Elements 
determined Procedure Reference 

Elements 
determined Procedure Reference 

Zn 

Zn 

Fe, Cu, Zn 

Zn 

Cu, Zn 

Cu, Zn 

Zn 

Zn 

Cu, Zn 

Zn 

Zn 

Cu, Zn 

Deproteination 
with cont. HCl 

8 Zn 

Dilution 1:9 with 9 
demineralized water Zn 

Dilution 1: 1 with 
demineralized water 

Lyophilization, 
addition of 2M HCI, 
heating at 60” for 
5 min, and 
deproteination with 
10% TCA 

10 
Cu, Zn 

11 

Zn 

Dilution 1: 1 with 
demineralized water; 
standards contain 3% 
bovine albumin 

Deproteination with 
lO%TCA;dilutionl :l; 
heating at 90” for 
15min 

12 

13 

Fe, Zn 

Zn 

Deproteination with 
TCA 

14 Cu, Fe, Zn 

Dilution 1:4 with 
demineralized water 

15 
Zn 

Dilution 1:9 with 16 
1% HCl Zn 

Dilution 1:l with 
demineralized water; 
standards contain 
3% dextran 

17 

Zn 

Dilution 1:19 with 
O.lM HCl; standards 
diluted with O.lM 
HCl and a “salt 
solution” 

18 Cd, Cr, Zn 

Dilution 1:9 with 
6% n-butanol; 
standards diluted 
with 6”/, n-butanol 
and 0.88% NaCl 

19 Zn 

Dilution 1:19 with 
demineralized water 

Dilution 1:4 with 
demineralized water 

Standards and samples 
diluted I:4 with 
IO”/, v/v propan-1-01 

Dilution 1: 1 with 
2% v/v “Acationox”; 
standards diluted 
with 2% v/v “Acationox” 

Extraction into 
amyl alcohol 

Dilution I:9 with 
demineralized water; 
standards prepared in 
water, physiological 
saline, synthetic serum 
or dilute HNO, 

Deproteination with TCA 
or dilution 1: 7 with 
demineralized water 

Dilution 1:4 with 
demineralized water 

Dilution 1: 4 with 
demineralized water; 
standards prepared in 
5% glycerol 

Deproteination with 5% 
TCA; dilution 1:3 

Dilution 1 :I with 
demineralized water; 
standards contain 20% 
glycerol and 0.5% NaCl 

Dilution 1:4 with 
demineralized water; 
standards prepared 
in 5% glycerol 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

chloride were also used to prepare working standards. A 
certified serum (CATION-CAL TM-DADE) was used to 
check the accuracy of the seven selected methods. 

General procedure 

To avoid any contamination of samples and standards, 
both glassware and plastic ware were soaked in 50% nitric 
acid for at least 24 hr, and were then rinsed several times 
with demineralized water. 

Blood plasma samples were kept in tightly stoppered 
polypropylene vials, frozen at -33”. 

Before the zinc determination was started, instrumental 
settings such as wavelength, slit-width, and lamp current 
were optimized. Gas-flow settings for air and acetylene, and 
the burner height, were set to give the greatest sensitivity for 
each of the seven methods. 

The sensitivity was established from the slope of the 
analytical curve3* and by means of the zinc concentration 
required to give 1% absorption (i.e., the characteristic 
concentration). 

The detection limit (X,) was established from the slope of 
the analytical curve and the standard deviation of the 
absorbance readings for a blank solution and calculated 
from the equation: 

where X,, is the mean and S,, the standard deviation of the 
blank readings, and K the numerical factor corresponding 
to the selected confidence level (we used K = 3). The de- 
tection limit values were also calculated, taking into account 
the sample dilution. 
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To establish the precision of the methods, we did twelve 
independent analyses of a blood plasma sample on the same 
day, and calculated the standard deviation and relative 
standard deviation. 

The accuracy of the methods was checked in all cases by 
doing five independent analyses of the certified serum 
sample by each method, then comparing the mean of the 
results with the certified value. The accuracy was expressed 
in terms of the deviation between the values. 

To detect any physical interferences due to differences in 
the physical properties of the samples and standards, the 
aspiration flow-rates were measured and compared. 

Matrix effects on the accuracy of the methods were 
examined by means of the results for determination of zinc 
in a blood plasma sample. The recovery was calculated from 
the difference in the amount of zinc found in the original 
sample and in samples spiked with a known amount of zinc. 
Matrix effects were further studied by comparison of the 
results obtained by the calibration graph and standard- 
addition methods. 

RESULTS AND DISCUSSION 

All concentrations are given in ppm and all absorb- 
ance readings in absorbance units. 

The use of the same instrumental conditions for all 
the methods could cause disadvantages in some cases, 
so we first determined the best instrumental settings 
for each method (Table 2). 

We found little difference between the optimal 

atomization conditions for purely aqueous standards 
and standards containing low concentrations of tri- 
chloroacetic acid (TCA) or glycerol. Generally, the 
utilization of standards containing these reagents 
presupposes the use of a flame richer in acetylene 
than one employed for the analysis of purely aqueous 
solutions. 

Sensitivity 

All in one day, working with the optimized instru- 
mental settings for each, we measured the absorb- 
antes of the standards, took the mean of the readings 
for each, and established the analytical curve by a 

regression least-squares fit. 
The sensitivities, estimated from the slopes of the 

analytical curves, were 0.35 for the methods involving 
purely aqueous zinc standards, 0.40 for methods 
involving standards containing 5 and 10% of TCA or 
5% of glycerol. For the method using standards 
containing 20% of glycerol, the value was 0.30 (14% 
less). The corresponding characteristic concen- 

Table 2. Instrumental settings (lamp current 15 mA, band- 
width 0.7 nm, wavelength 213.8 nm, damping 2 set) 

Gas flow-rates, I./min Observation 
height above 

Reference Air Acetylene burner, cm 

29 17.5 4.7 2.00 
13 21.6 4.7 2.25 

28,31 17.5 4.7 2.00 
30 19.5 5.4 2.00 
9 19.5 4.1 2.00 

21 19.5 4.7 2.00 
10 19.5 4.7 2.00 
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trations were 0.013 ppm for aqueous solutions, 0.011 
ppm for the TCA standards, 0.012 ppm for the 5% 
glycerol standards and 0.014 ppm for the 20% glyc- 
erol standards. 

Detection limits 

While there is no great difference in the sensitivities 
of the selected methods, there is a significant 
difference in the limits of detection, which range from 
0.018 ppm of zinc in serum or plasma by the Sprague 
and Slavin methodlo involving simply a 1: 1 dilution 
of the sample, to 0.090 ppm by the method of Fuwa 
et a1.,9 which uses 1:9 dilution and aqueous standards 
(Table 3). 

Precision 

The precision was expressed as the standard devi- 
ation and relative standard deviation, which were 
calculated from the results obtained by carrying out 
several independent analyses. These values usually 
vary, depending on both the number of indepen- 

dently performed analyses and the nature of the 
sample. 

We analysed twelve independent aliquots of nor- 
mal human plasma (zinc content 700- 1000 ng/ml), to 
compare the selected methods with respect to pre- 
cision, and the results obtained (shown in Table 3) 
were all similar. These results indicated that the 
differences in sample treatment required for each 
method did not affect the precision. However, day-to- 
day instrumental and gas-flow fluctuations do 
influence the precision. 

Accuracy 

The accuracy of the selected methods was estab- 
lished by comparing the results obtained for zinc in 
a certified serum sample, by application of each 
method, with the certified value. 

The results obtained for the method proposed by 
Arpadyan and Kachov3’ show a mean error of 
+ 10.3x, in agreement with the high recovery found 
(116%) and the higher aspiration rate measured for 

Table 4. Comparison of the seven methods, using simple 

Reference 

29 

Analytical curve S Y/X 

X = 0.202c + 0.009 4.57 x 1o-3 

13 X = 0.246,C + 0.007 3.88 + 1O-3 

28, 31 X = 0.227C + 0.003 8.76 x 1O-4 

30 

9 

21 

10 

x = 0.157c + 0.007 4.13 x 10-j 

X = 0.217,C + 0.002 2.02 x lo-’ 

X=O.l91C f0.002 1.40 x 10-j 

X = 0.212,C + 0.001 2.63 x 1O-3 

Direct method 

Zinc concentration 

(n = 51, PPm 
Standard-addition method 

~ Direct Std. addn. 
Analvtical curves S Y/X 

2.27 x lo-’ 
3.02 x 1O-3 
3.63 x 1O-3 
5.30 x 10-3 
4.65 x lo-’ 
1.09 x 1o-2 
1.50 x 10-2 
8.87 x lo-’ 
1.27 x 1O-2 
9.33 x 10-j 
2.60 x lo-” 
2.31 x lo-’ 
2.02 x 1om3 
1.46 x lo-’ 
7.07 x IO-’ 
8.66 x 10-d 
2.85 x 1O-3 
1.55 x 10-j 
2.63 x 1O-3 
5.21 x 10-j 
3.70 x lo-’ 
2.63 x 10m3 
8.70 x 1O-4 
2.32 x lo-’ 
9.50 x 10-d 
2.60 x 1O-3 
1.53 x 10-j 
1.07 x 10-3 
1.83 x 1O-3 
1.73 x 10-J 
4.94 x 10-3 
5.20 x lo-’ 
5.50 x 10-3 
2.40 x lo-’ 
3.50 x 10-3 

method method 

0.67 0.7 X = 0.223,C + 0.045 
X = 0.216;C + 0.045 
X = 0.216,C + 0.046 
x = 0.211 ,c + 0.047 
X = 0.218C + 0.047 
X = 0.233C + 0.123 
X = 0.257C + 0.123 
X = 0.237C + 0.132 
X =0.24O,C +0.132 
X=0.236,C+0.131 
x = 0.222,c + 0.031 
X = 0.224,C + 0.032 
X = 0.223C + 0.033 
X = 0.223,C + 0.034 
X = 0.225C + 0.035, 
X = 0.187,C + 0.077, 
X = 0.187C + 0.080 
X = 0.191c + 0.079 
X = 0.186C + 0.081 
X = 0.198,C + 0.075 
X = 0.204C + 0.021 
X = 0.204C + 0.017 
X = 0.202,C + 0.018, 
X = 0.206C + 0.017 
x = 0.2OlC + 0.020 
X = 0.182,C + 0.032 
X = 0.185,C + 0.030 
x = 0.173,c + 0.033 
X = 0.180,C + 0.033 
X = 0.185C + 0.031 
X = 0.204C + 0.082 
X = 0.2OOC + 0.082 
X = 0.213C + 0.077 
X = 0.187,C + 0.086, 
x = 0.188,C + 0.086 

1.04 

0.7 

0.93 0.8 

0.7 0.8 

0.78 0.8 

0.72 0.8 

1.0 

0.7 

*Direct and standard-addition methods. 
tValues refused for a 95% statistical confidence level. 
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the diluted samples compared with that for the 
standards. 

For the method proposed by Sprague and Slavin,” 
we found a low recovery (85%) and a mean error of 
- 13.8%. In this case the aspiration rate of the 
standards is higher than that of the diluted samples. 

Because of these errors, we think that these two 
methods cannot be recommended for the deter- 
mination of zinc in serum or plasma. Moreover, we 
later confirmed the inadequacy of these two methods 
by comparing the calibration graphs obtained by 
application of the direct method and the standard- 
addition method: they were not parallel. 

The method proposed by Pekarek et a1.,2’ showed 
-6.9% mean error but the recovery was good. We 
also found very similar aspiration rates for the diluted 
samples and standards. 

For the other selected methods, the accuracy found 
was good. 

Interferences 

We did not find any influence from other ions on 
the atomization of zinc. However, albumin and other 
matrix components cause a viscosity increase. Hence 
the most important interference in zinc determination 
in serum and blood plasma is caused by physical 
properties of the solutions. There is a significant 
difference between the aspiration rates for samples 
and standards for methods involving a 1:l sample 
dilution with demineralized water. When aqueous 
standards containing 20% of glycerol were used, 
sample aspiration rates were higher than those of 
standards, but when aqueous standards were used, 
sample aspiration rates were lower than those of 
standards. For both these methods, we observed that 
the results were in agreement with the recoveries 
found for plasma samples and for a certified serum 
sample. 

calibration (direct) or standard-addition procedures 

Comuarison of 
Comparison of the curves 

(standard addition method) 
Precision (n = 5) the results 

obtained by Hartley’s F 
Direct Std. addn. both methods, (homogeneity) 

method method Fisher’s T s Y/I 

Comparison of two curves 

Snedecor’s F Snedecor’s F Student’s t 
(coincidence (homogeneity) (equality 

of the curves) s Yh of slopes) 

SD = 0.02 SD = 0.05 
RSD = 3% RSD = 7% 

SD = 0.02 SD = 0.06 
RSD = 1.9% RSD = 6% 

0.476 5.45 0.209t 2.09 - 1.472 

0.476 2.05 0.349 0.157 0.489 

SD = 0.07 SD = 0.07 
RSD = 10% RSD = 10% 

SD = 0.02 SD = 0.04 
RSD = 2.2% RSD = 5% 

0.000 23.45 0.589 0.136 0.449 

2.063 36.19 0.664 2.207 - 8.95Ot 

SD = 0.05, SD = 0.1 
RSD = 7.8% RSD = 12.5% 

0.719 18.08 0.741 0.839 0.819 

SD = 0.02 SD = 0.05 
RSD = 2.6% RSD = 6.3% 

0.317 5.90 1.283 0.527 1.790 

SD = 0.01 SD = 0.09 0.775 5.25 0.651 0.412 2.8097 

- 

RSD= 1.4% RSD= 11.3 _ _... 
Tab. = 2.306 Ftab. = 50.7 Ftab = 0.232 Fmb, = 3.95 Ttab. f 2.080 
P = 0.95 k=5;n=4; Ftab = 3.85 Ftab. = 0.070 v =21 
n=5;N=8 v=n-1=3 k=5;n=4;v=2 v=3; v=18 
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For other selected methods, we found very similar 
aspiration rates for samples and standards. 

We also studied the influence of the sample matrix 
on the zinc atomization process, by comparing the 
direct and the standard-addition methods. The results 
obtained are shown in Table 4. 

Using the optimal instrumental settings for each 
method, we analysed the same sample five times by 
the direct method (according to the recommended 
procedure) and five times by the standard-addition 
method, all on the same day. 

is more sensitive than the second, but requires the use 
of standards containing 5% of glycerol. 

Acknowledgement-We wish to thank Dr Luis Aparisi for 
his help and encouragement throughout the work. 

1. 

2. 

3. 
4. 

5. 

B. Femandex, J. De Quiros, C. Iniguez Lobeto and J. 
Carreres Quevedo. Rev. Clin. Espan., 1978, 151. 87. 
J. Lekaris-and A. Kalofoutis, &in. Chem., 1980, 26, 
1660. 

The variance homogeneity for the five analytical 
curves obtained by the standard addition method was 
checked by the Hartley test.33 We also checked the 
parallelism of these analytical curves by a global 
test.33 From these five analytical curves another ana- 
lytical curve was calculated, and this was compared 
with the analytical curve obtained by the direct 
method. 

6. 

7. 

For five methods, we checked both types of ana- 
lytical curve for variance homogeneity by Snedecor’s 
test and for parallelism by Student’s t-test.33 

For two methods, those of Arpadyan and 
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zinc in serum and blood plasma. 

Finally, we compared by Fisher’s test34 the results 
for five analyses performed by the direct method with 
those for five analyses by the standard-addition 
method, and found they were comparable. 

All statistical tests were applied for the 95% proba- 
bility level. 

CONCLUSIONS 

We have found that five of the seven flame atomic- 
absorption methods tested were adequate for zinc 
determination in serum and blood plasma. 

All the methods are comparable with respect to 
sensitivity but the addition of 5% or 10% of glycerol 
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proposed by Smith ef al.2s~3’ and Fuwa et al.’ The first 
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SEPARATION AND CONCENTRATION OF 
MOLYBDENUM(V1) AND TUNGSTEN(V1) WITH 

CHELATING ION-EXCHANGE RESINS 
CONTAINING SULPHUR LIGANDS 

CHUEN-YING LIU* and I%NG-JOUNG SUN 

Department of Chemistry, National Taiwan University, Taipei, Taiwan 

(Received 29 April 1983. Revised 24 November 1983. Accepted 7 December 1983) 

Summary-Three chelating ion-exchange resins based on macroreticular polyacrylonitrile-divinylbenzene 
copolymers with thioglycollic acid and cysteine as functional groups have been tested for separation of 
molybdenum(VI) and tungsten(V1). Qn a short column of the thioglycollic acid resin, molybdenum(V1) 
and tungsten(V1) can be selectively sorbed from pH-4.3 acetate buffer and eluted with 2M hydrochloric 
acid and a mixture of 0.1 M sodium hydroxide and 0.1 M sodium chloride, respectively, with quantitative 
recovery even at very low concentrations. Simulated sea-water samples have been analysed. 

The synthesis and characterization of chelating ion- 

exchange resins containing thioglycollic acid and 

cysteine as functional groups, and their analytical 

applications to noble metals, have been described.‘,* 

As part of a systematic survey of the behaviour of 

metal ions with these resins, the chromatography of 

molybdenum(W) and tungsten(V1) species has now 

been studied. 

EXPERIMENTAL 

Instrumentation 

A Radiometer pH-meter was used with saturated calomel 
(Type K 401) and glass (Type G 202 B) electrodes, and 
calibrated with Beckman standard buffers of pH 4.00 and 
7.00. A Hitachi model 624 digital soectronhotometer con- 
nected to a Hitachi model QD,, recorder was used, with 
IO-mm quartz cells. 

Reagents 

previously published procedures were used to synthesize 
the macroreticular polyacrylonitrile-divinylbenzene co- 
polymers. ‘J The nitrile groups were hydrolysed to carbox- 
ylic acid groups. The carboxylic acid resin (200 g) was mixed 
with 600 g of molten !,6-hexanediol (m.p. 41”) or 500 g of 
ethylene glycol, and 40 ml of concentrated sulphuric acid (as 
catalyst), and kept at 70” for 30 hr for the first esterification. 
Then a mixture of 150 g of this product with 460 g of 
thioglycollic acid and 40 ml of concentrated sulphuric acid 
was reacted at 70” for 30 hr for the second esterification. The 
1,6-hexanediol or ethylene glycol served both as linking 
agent and reaction medium, the products being Resins I and 
II respectively.’ The carboxylic acid resin was similarly 
treated with 1,6-hexanediol and L-cysteine in a two-step 
esterification to give Resin III.* The final product was 
collected by filtration under suction and washed sequentially 
with water, concentrated hydrochloric acid, water and ace- 
tone. 

*Author for correspondence. 

Spectrophotometric &termination of molybdenum(W) and 
tungsten ( VI) 

The procedures used were essentially those reported by 
Sandell.) Maximum colour development and stability were 
obtained with ascorbic acid as reducing agent for the 
determination of molybdenum(V1). The sensitivity was in- 
creased by extraction of the molybdenum(V) and tung- 
sten(V) thiocyanate complexes into n-butyl acetate. 

Sorption by the batch method 

Exactly 0.3 g of dry polymer was pre-equilibrated with 20 
ml of 1 h4 sodium perchlorateO.5M sodium acetate mixture, 
the pH being periodically adjusted to the required value 
with perchloric acid or sodium hydroxide until it had 
remained constant for 6 hr. The solution was removed by 
filtration. The metal ion solution (10 ml. 0.062M) was then 
added to 10 ml of 2M sodium perchlorate and 10’ml of 1M 
sodium acetate, and the pH adjusted to the required value. 
The prepared metal ion solution, diluted to 50 ml, was 
added to the pre-equilibrated polymer and stirred for 18 hr. 
The pH was then checked for constancy, and the resin was 
filtered off and washed with the appropriate acetate buffer. 
The filtrate and washings were combined and analysed for 
molybdenum(V1) or tungsten(V1). 

The distribution coefficient for molybdenum(VI), as a 
function of hydrochloric acid concentration, was also deter- 
mined by a batch equilibrium method; 25 ml of a mixture 
containing various amounts of acid and 0.4 mmole of metal 
ion were stirred with 0.2 g of air-dried resin for 18 hr at 25”. 
The resin was filtered off and washed. and the molyb- 
denum(V1) in the filtrate was determined. 

Equilibration rates 

From the capacity studies, the total capacity of each resin 
for molybdenum(V1) and tungsten(V1) at the optimal pH 
was known. Twice the quantity of molybdenum(V1) or 
tungsten(V1) corresponding to saturation of 0.3 g of resin at 
pH 4.3 was diluted in the appropriate buffer to give 0.03M 
metal ion concentration. Then 0.3 g of the air-dried resin 
was introduced into this solution and equilibrated. Samples 
of solution were removed at intervals and their metal ion 
content was determined. 
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Separation of molybdenum(VI) and tungsten(VI’l) 

Resin I was packed into a glass tube (10 x 0.6 cm) and 
conditioned with 20 ml of 1M acetate buffer @H 4.3). After 
conditioning, 9.3 pmoles each of molybdenum(V1) and 
tungsten(V1) were loaded on to the column, and molyb- 
denum(V1) was eluted with 2M hydrochloric acid at 0.5 
ml/min. Tungsten(V1) was retained on the column and then 
eluted with 0.1 M sodium hydroxide-0.1 M sodium chloride 
mixture at the same flow-rate. 

Concentration of trace metals 

Portions (500 ml) of water containing various amounts of 
molybdenum(V1) or tungsten(V1) were adjusted to pH 4.3 
and passed at 0.5 ml/min through a preconditioned 7.0 x 0.6 
cm resin column, and the molybdenum(V1) and tung- 
sten(V1) eluted as above and determined. Recovery of 9.70 
pg of molybdenum(V1) and 0.01 pg of tungsten(V1) from 1 
litre of simulated sea-water4 was similarly determined. 

RESULTS AND DISCUSSION 

The pH-dependence of the sorption behaviour of 
Resins I-III towards molybdenum(V1) and tung- 
sten(V1) was tested by the batch equilibrium method. 
Table 1 shows the distribution coefficients obtained. 
Resins I and II, which contained the same functional 
groups but different linking agents, behaved simi- 
larly. The length of the linking agent slightly 
influenced the capacity. The similarity of the distribu- 
tion coefficients for molybdenum(V1) and tung- 
sten(V1) at pH 2-7 prevents simple separation of the 
metals in this pH range. The distribution coefficients 
for molybdenum(V1) between hydrochloric acid and 
Resins I-III are shown in Table 2. Tungsten(V1) 
precipitated from the acid solution, so could not be 
studied. Molybdenum(V1) or tungsten(V1) at pH 4.3 
was used to assess the kinetics of sorption, 50% of the 

Table 1. Distribution coefficients for molyb- 
denum(V1) and tungsten(V1) on the three 

resins 

Resin I Resin II Resin III 

pH MO W MO MO W 

1.60 166 
2.20 11 
2.25 11 
2.28 47 
3.40 65 49 18 47 
3.70 25 
3.80 71 94 17 
4.10 73 100 18 
4.28 35 
4.30 71 97 26 55 
4.40 90 
4.80 60 35 60 11 
4.86 51 
4.95 36 
5.15 53 40 4 
5.25 26 
5.95 11 
6.05 26 
6.12 26 
6.58 37 
7.10 26 
7.30 11 

Table 2. Distribution coefficients of molyb- 
denum(V1) on the three resins in hydrochloric acid 

Concentration of HCL, M 

Resin 0.1 0.5 1 2 4 5 6 7 

I 75 25 16 1 27 43 38 30 
II 56 19 12 2 31 49 36 29 
III 64 82 72 62 42 42 41 40 

available sites of Resin I being occupied by molyb- 
denum(V1) and tungsten(V1) in 12 min and 21 min, 
respectively. From the results of the batch equi- 
librium study, the possibility of separating molyb- 
denum(V1) and tungsten(V1) by using a Resin I 
column was obvious. The molybdenum(W) and 
tungsten(V1) sorbed can be easily stripped quan- 
titatively from the resin column in succession by 2M 
hydrochloric acid and O.lM sodium hydroxide-O. 1M 
sodium chloride mixture, respectively. Figure 1 shows 
such a separation. 

The effect of foreign ions on the recovery of 
molybdenum(V1) and tungsten(V1) with Resin I was 
studied. The results are reported in Table 3. Since the 
sulphur content of Resin I was 1.56 mmole/g, the 
silver(I) capacity was 1.52 mmole/g, the mercury(I1) 
capacity was 0.80 mmole/g, the molybdenum(V1) 
capacity was 0.75 mmole/g, and the tungsten(W) 
capacity was 0.35 mmole/g, silver(I) and mercury(I1) 
interfered severely, even if the mole ratio to molyb- 
denum or tungsten was reduced to 1, whereas cop- 
per(II), zinc(I1) and tin(IV) did not interfere at this 
concentration ratio. The resin exhibited no affinity 
for the alkali and aikaline-earth metals studied. Small 
quantities of the resin can therefore be used to 
concentrate trace metals from samples with a high 
electrolyte content, such as sea-water and biological 

0 20 40 60 80 

ELUENT (ml) 

Fig. 1. Separation of molybdenum(V1) and tungsten(V1) 
with Resin I: (Column 10.0 x 0.6 cm bore, flow-rate 0.5 

ml/min; 9.3 pmole of each metal absorbed). 
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Table 3. Effects of foreign ions on the recovery of molyb- 
denum(V1) and tungsten(V1) (35 pg each) respectively, with 

Resin I 

Foreign Amount Molybdenum Tungsten 
metal added, mg found, pg found, pg 

Ag+ 0.04 6.0 5.1 
K+ 5 35.0 35.0 
Na+ 5 35.0 35.0 
Ca*+ 2 35.0 35.0 
$1 0.02 1 35.0 33.6 33.0 31.3 

Hg2+ 0.07 17.4 15.1 
Mg*+ 1 35.0 35.1 
Mn2 + 1 35.0 34.9 
Ni* + 1 35.0 38.1 
Pb*+ 0.07 33.1 30.1 
Zn*+ 0.02 24.9 35.0 
Al’+ 1 34.9 34.9 
Fe3+ * 10 35.0 36.1 
Sn4+ 0.04 34.9 33.0 
I.J(VI) 1 34.8 35.0 
wwt 1 35.0 

* In the presence of 5 drops of 10% ascorbic acid solution. 
t In the presence of 5 drops of 10% sodium tartrate solution. 

Table 5. Preconcentration and determination of molyb- 
denum(V1) and tungsten(V1) in simulated sea-water* 

Amount Amount Recovery of 
Metal added, found, total metal, 

ion /G pg % 

Mo(VI) t 0.0 9.4 97 
10.2 19.9 100 

W(VI)§ 10.3 11.1 98 
10.3 11.1 98 

* Metal content in original sample: MO = 9.70 pg/l.. 
w = 0.10 l(g/l. 

t Sample 1 litre. 
5 Sample 10 litres. 

fluids, since the resin would not become saturated by 
the alkali or alkaline-earth metals present. 

Very low concentrations of molybdenum(V1) and 

tungsten(V1) in pure water and simulated sea-water 
can be concentrated with Resin I before their deter- 
mination. Tables 4 and 5 show the recoveries. 

Table 4. Recovery of metal ions from very dilute solution with Resin I 

Metal Amount added* Amount found, Recovery, 
ion mole Eluent pmole x 

Mo(V1) 0.37 2M HCl 0.37 100 
Mo(V1) 0.104 2M HCl 0.100 96 
W(vI) 0.37 O.lM NaOHtl.IM NaCl 0.37 100 
W(VI) 0.37 0.5M NaOH-O.SM NaCl 0.37 100 
W(VI) 0.025 0. 1M NaOH-O.l M NaCl 0.021 84 

* In 500 ml of pH-4.3 0.1M acetate buffer. 

Table 6. Colour imparted to the solution by the three resins with excess 
of molybdenum ions 

pH or 
acidity Resin I 

Colour 

Resin II Resin III 

7M HCl 
6M HCI 
5M HCl 
3M HCl 
2M HCl 
1M HCl 
0.5M HCl 
O.lM HCl 
pH 1.60 
pH 2.20 
pH 2.25 
pH 3.80 
pH 4.00 
pH 4.10 
pH 4.30 
pH 4.40 
pH 4.80 
pH 5.15 
pH 5.25 
pH 5.95 
pH 6.12 
pH 7.10 
oH 7.30 

green 
green 
brown 
brown 
yellow-brown 
yellow-brown 
yellow-brown 
blue 
- 
- 
blue 
- 
green 
- 
- 
- 
yellow-green 
- 

yellow-green 
colourless 

green 
green 
brown 
brown 
yellow-brown 
yellow-brown 
yellow-brown 
blue 
- 
blue 

green 
- 
green 
- 
- 
pale green 

pale yellow 
pale yellow 
pale yellow 
pale yellow 
pale yellow 
pale yellow 
pale yellow 
blue 
blue 

colourless 

colourless 
- 

colourless 
- 

- 
colourless 

colourless 
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Molybdenum(W) can be reduced to molyb- 
denum(V) in 2M hydrochloric acid and to molyb- 
denum(II1) at higher acid concentrations.5 The col- 
ours imparted to the solution by the chelating 
ion-exchange resins in presence of molybdenum(V1) 
species are listed in Table 6. The colours, taken in 
conjunction with those of chemical forms of molyb- 
denum(V) at various concentrations of hydrochloric 
acid,5 suggest that molybdenum(V1) is reduced by the 
resins, e.g. to molybdenum(V) in 034 hydrochloric 
acid. Because of this reductive behaviour of the resin, 
the possibility of using the Mothioglycollic acid and 
Mo-cysteine resin systems for catalysing hydro- 
genation reactions is obvious. Investigation of the 

catalytic behaviour of these systems in the nitro- 
genase reaction as model are in progress. 
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APPLICATIONS OF LIGAND-EXCHANGE-III 

PREPARATION AND PROPERTIES OF 
PHENOL-FORMALDEHYDE-BASED RESIN IN 

THE IRON(II1) FORM 

B. M. PETRONIO, A. LAGAN.& and G. D. ANDREA 
Department of Chemistry, University of Rome, Rome, Italy 

(Received 14 June 1983. Revised 1.5 September 1983. Accepted 7 December 1983) 

Summary-A number of resins containing ethylenediamine acetic acid groups have been prepared, and 
these intermediates (resin-EDTA) converted into the iron(II1) form. The capacities of these exchangers 
in the formation of iron(IIIkpheno1 complexes have been studied and compared with those of the 
Chelex-iron(II1) resin. The character of the exchanger matrix is very important in connection with the 
retention of phenols and with the elution order. The modified Amberlite CG 4B in the iron(II1) form can 
be used for the quantitative separation of phenolic compounds, a separation that is not possible with the 
Chelex-iron(II1) resin. 

As reported in a previous work’ we have performed 
the chromatographic separation of a number of 
phenolic compounds (phenol, 2-nitrophenol, 

2,bdichlorophenol, pentachlorophenol) on a chelat- 
ing ion-exchanger containing iminodiacetic acid 
groups, in the presence of iron(II1) as complex- 
generating metal ion, with sodium hydroxide solution 
as mobile phase. 

From the distribution coefficients of the phenols 
between the resin phase and the eluent it is possible 
to predict the course of the separation and the 
optimum conditions. In some cases quantitative sep- 
aration of the compounds is not possible, because the 
difference between the separation factors is too small. 

Since the nature of the exchanger matrix is an 
important factor in the strength of binding of a 
particular ligand and therefore the elution order for 
compounds of the same class,* an important aspect of 
research into the resolution of mixtures compounds 
capable of producing complexes is the preparation of 
resins having different matrices but the same func- 

tional groups. 
On this basis we propose the preparation of sta- 

tionary phases with different matrices and containing 
iminodiacetic acid groups and have examined their 
capacities in the formation of iron(III)--phenol com- 
plexes and the matrix effect on the elution order. 

EXPERIMENTAL 

Reagents 

Standard solutions (1 mgjml) of phenol, 3,4-dichloro- 
nhenol. 2.4dichlorouhenol. 4-chlorophenol, 2-chloro- 
phenol; 2;4,6-trichlorophenol, 2,3,4,&tetrachlorophenol 
and pentachlorophenol were prepared by dissolving 
weighed amounts of the pure compounds in acetone. Por- 
tions of these solutions were then diluted with distilled water 
to give the test solutions. All chemicals were analytical 
grade. 

Iron(II1) solution was prepared by dissolving the reagent 
grade chloride in water. 

Ethylenediaminetetra-acetic acid solution was prepared 
by dissolving the reagent grade disodium salt in water. 

Preparation of the iron(III) resins 

An intermediately basic anion-exchange resin of the 
cross-linked acrylic copolymer type (Amberlite IRA 68, 
Carlo Erba) and a weakly basic anion-exchanger of the 
phenol-formaldehyde copolymer type (Amberlite CG 4B, 
Carlo Erba) were used;. this second resin also contains 
phenolic grouns. The resins (100-200 mesh) were stirred for 
10 hr with li EDTA, then‘the solution ias decanted and 
the sorbent washed with water until the washings were 
EDTA-free. These intermediates (resin-EDTA) were con- 
verted into the iron(II1) form by mechanical shaking for 3 
hr with 100 ml of 1M iron(III)chloride. After filtration the 
resin obtained was washed with distilled water until the 
effluent was free from iron(II1). In a second set of experi- 
ments the Arnberlite CG 4B resin, a weakly acidic chelating 
resin of polystyrene type (Chelex 100, Bio-Rad) and a 
weakly acidic resin of acrylic type (Bio-Rex 70, Bio-Rad) 
were used. The resins were converted into the iron(II1) form 
in the same way as the EDTA-modified resins. 

Retention of phenolic compounds 

The prepared resins [4 g, iron(II1) form] were packed into 
IO-mm bore glass tubes. A solution containing 20 ng each 
of phenol, 2,4-dichlorophenol, 3,4-dichlorophenol, 
2-chlorophenol, and Cchlorophenol in water (100 ml) was 
passed through the resin column at a flow-rate of 2 mljmin. 
The column was washed with 10 ml of water and the amount 
phenolic compounds remaining in the effluent was deter- 
mined by gas chromatography. The effluent and an equal 
volume of test sample were both acidified and extracted with 
methylene dichloride, dried with granular anhydrous so- 
dium sulphate and, after addition of a known amount of 
2,4-xilene as an internal standard, were concentrated to a 
volume of approximately 0.3 ml and analysed. 

The same procedure was used with a water solution 
containing 20 pg each of 2,4,6_trichlorophenol, 2,3,4,6- 
tetrachloronhenol and oentachlorophenol, and chromato- 
graphic columns pack&l with Cheiex-iron(III), Amberlite 
CG 45EDTA-iron(II1) and Amberlite CG 4Eiron(III); 
internal standard, hepatodecanoic acid. 
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Fig. 1. Retention of phenolic compounds on different resins in the iron(III) form. 1 = Phenol; 
2 = 2chlorophenol; S = internal standard; 3 = 2,4-dichlorophenol, 4 = 4-chlorophenol, 

5 = 3,4-dichlorophenol; A = standard solution, B = Chelex-iron(III), C = Bio-Rex 7C-iron(III), D = IRA 
68-EDTA-iron(III), E = CG 4B-EDTA-iron(III), F = CG 4Eiron(III). 
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The conditions for the gas chromatography were as 
follows~ 

Column: glass (190 x 0.2 cm) loaded with 0.2% w/w 
FFAP on glass microbeads (SO-100 mesh). 

Carrier gas: Nitrogen saturated with formic acid; 
flow-rate 5 ml/min. 

Injector temperature: 185 or 230”. 
Volume injected: 0.5 ~1. 
Column temperature: 165 or 210”. 

Effect of pH on the distribution coeficients 

To a glass bottle containing 3 g of resin in the iron(II1) 
form, 100 ml of water containing 0.5 nmole of a phenol were 
added. The mixture was shaken at room temperature for a 
given time (20 min), the aqueous phase was decanted and 
the resin was washed with water. The amount of phenol 
remaining in the filtrate was determined by means of its 
absorbance at 283 nm (2,3-dichlorophenol), 275 nm 
(3,4-dichlorophenol), 270 nm (phenol), 265 nm 
(2,3,4,6-tetrachlorophenol), 250 nm (pentachlorophenol), 
measured with a Perkin-Elmer 320 spectrophotometer and 
1 .O-cm cells. 

The resin was then shaken with 100 ml of sodium 
hydroxide solution and when this mixture had reached 
equilibrium, the resin was filtered off on glass-wool and the 
concentration of the phenol in the aqueous phase was 
determined spectrophotometrically as before. The pH of the 
aqueous phase was also measured. 

The distribution coefficient Kd was calculated from: 

Kd = 
mg of phenol in resin-iron(II1) phase/g of dry resin 

mg of phenol in solution phase/ml of solution 

Separation of phenols 

The Amberlite CG 4BEDTA-iron(II1) resin (2 g) 
was packed into a IO-mm bore glass tube, and 500 ml of a 
water solution containing 50 ng each of phenol, 
2,3,4,6-tetrachlorophenol and pentachlorophenol were 
passed through the column at a flow-rate of 2 ml/mitt. The 
phenols retained on the column were eluted with 200 ml of 
a 3.2 x IO-‘M sodium hydroxide (pH 11.5). The phenols 
separated by this stepwise elution were determined spec- 
trophotometrically in successive lo-ml fractions of eluate. 

RESULTS AND DISCUSSION 

The results for retention of the phenolic com- 
pounds on the different resins in the iron(II1) form 
are shown in Fig. 1. The anionic resin of acrylic type 
in the EDTA-iron(II1) form (Fig. 1D) was not able 
to retain all the phenolic compounds tested: only 
2,4-dichlorophenol and 4-chlorophenol were totally 
bound, phenol and 2-chlorophenol were partially 
retained and 3,4-dichlorophenol was not retained at 
all. On the other hand, the Amberlite CG 
4B-EDTA-iron(II1) showed high affinity for phenols 
(Fig. lE, Fig. 2B) as did Amberlite CG 4Eiron(III) 
resin (Fig. IF, Fig. 2B) and the results obtained were 
comparable to those for the Chelex-iron(II1) resin 
(Fig. lB, Fig. 2B). 

Particularly interesting is the behaviour of Amber- 
lite CG 4B in the iron(II1) form and in the 
EDTA-iron(II1) form during the elution with sodium 
hydroxide. There is no elution of phenols from 
Amberli&ron(III) with 200 ml of 3.2 x 10m3M 
sodium hydroxide, but complete elution from the 
resin in the EDTA-iron(II1) form. The difference 
between the behaviour of same resin in the two forms 

can be attributed to the difference in the anionic 
functional groups, chloride in the first case, and 
EDTA-iron(II1) in the second. The iron(II1) present 
in the Amberlite-EDTA-iron(II1) resin is bound 
either to EDTA or to phenolic ions, whereas in the 
Amberlite-iron(II1) resin it is bound only to phenolic 
ions and the anionic groups (chloride) are free. On 
introduction of relatively high concentrations of hy- 
droxide ions the chloride ions are desorbed, and 
displacement of the phenols by ligand-exchange chro- 
matography is not possible even with 200 ml of 
3.2 x 10m3M sodium hydroxide. This is demonstrated 
by the difference in the pH of the eluent before (11 S) 
and after (4) passage through the chromatographic 
column, and by the absence of phenolic compounds 
but presence of chloride ions in the eluate. 

The phenols were also not retained on the acrylic- 
type cation-exchanger in the iron(II1) form (Fig. 1C). 

The effect of pH on the distribution coefficients was 
examined, and Fig. 3 compares the results obtained 

B 

S 

3 

a 

Fig. 2. Retention of phenolic compounds on different resins 
in the iron(II1). form. i = 2,4,6_Trichlorophenol, 
2 = 2,3,4,6-tetrachloronhenol. S = internal standard. 

3 = pentachlorophenol. 
A = Standard solution. 

B = Chelex-iron(III), CG 4BEDTA-iron(III), 
CG 4Biron(III). 
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9 I, 13 

PH 

Fig. 3. Effect of pH (NaOH concentration) on the distribu- 
tion coefficients of phenols: 1 = phenol, 2 = 3,4- 
dichlorophenol, 3 = 2&dichlorophenol, 4 = 2,3,4,6-tetra- 
chlorophenol, 5 = pentachlorophenol. (a) Chelex-iron( 

(b) CG 4B-EDTA-iron(II1). 

mt 

Fig. 4. Elution curve of a mixture of phenol 
2,3,4,6_tetrachlorophenol (2), and pentachlorophenol 

eluent 3.2 x 10e3M NaOH. 

Cl), 
(3): 

with Amberlite CG 4B-EDTA-iron(M) and iron- 
(III)-Chelex resin, The K,, values for the phenols 
examined with both sorbents decrease with increasing 
pH but the separation factors calculated from the Kd 
values are not the same for the two exchangers. The 
elution order differs for the two resins; the 
sequence for iron(III)-Chelex is phenol > 3,4- 
dichlorophenol > 2,4-dichlorophenol > 2,3,4,6-tetra- 
chlorophenol = pentachlorophenol and for Amber- 
lite-EDTA-iron(II1) it is 2,4-dichlorophenol > 
phenol > 3,4-dichlorophenol > 2,3,4,6-tetrachloro- 
phenol > pentachlorophenol. 

From these distribution coefficients it is possible to 
predict the course of the separation. For example, the 
small separation factor for tetrachlorophenol and 
pentachlorophenol on the Chelex-iron(II1) resin indi- 
cates that ligand-exchange separation with sodium 
hydroxide is not possible. On the other hand, the 
values obtained for the Amberlite system are also not 
very large but it is possible to achieve the separation 
with 200 ml of 3.2 x 10m3M sodium hydroxide at pH 
11.5 (Fig. 3B, Fig. 4). In contrast, 3,4-dichlorophenol 
can be separated from 2,3,4,6-tetrachlorophenol on 
Chelex resin. 

Conclusions 

It is possible to retain phenolic compounds on an 
exchanger by a chromatographic process that in- 
volves iron(II1) bound to the stationary phase, but 
the character of the exchanger matrix is very im- 
portant. On an acrylic-type matrix the retention of 
phenols is poor, whereas it is very good on a 
styrene-divinylbenzene copolymer or on a 
phenol-formaldehyde copolymer. With the proper 
matrix the resin in the iron(II1) form may be used for 
the analytical separation of phenolic compounds. 
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Summary-Cationic surfactants, such as cetylpyridinium bromide (CPB), sensitize the colour reaction 
of Nb(V) with 8-hydroxyquinoline-5-sulphonic acid (H,L). The formation of a ternary complex of 
stoichiometry 1:3:3 (Nb-L-CPB) is responsible for the observed enhancement in absorptivity and the 
quenching in the fluorescence of the Nb-L chelate, when a surfactant is present. The ternary complex 
exhibits maximum absorption at 383 nm (E = 1.46 + 0.01 x IO4 l.mole-‘.cm-‘) at pH 5.7, and Beer’s law 
is obeyed up to 6+g/ml Nb concentration. Conditional formation constants of the niobium chelate in 
the presence and absence of CPB have been determined. On the basis of a detailed spectrophotometric 
and fluorimetric study the nature of the chromophoric reagent-surfactant interaction and the peculiar 
features of the sensitization by CPB are discussed. 

The enhancement (sensitization) of the colour reac- 
tions of metal ions with chelating dyes by the pres- 
ence of surfactants (usually of the cationic type) 
provides an inexpensive alternative to atomic spec- 
troscopy methods, for meeting the present demands 
for determination of ever lower concentrations of 
elements. The coloured complexes formed in micellar 
media are characterized by high molar absorptivities 
(often greater than 10’ l.mole-‘.cm-‘) and high 
stability over a wide pH range, and usually by a large 
bathocromic shift caused by addition of surfactants 
to the binary complex formed in water.‘s2 More- 
over, some fluorescent binary chelates may dramati- 
cally increase their quantum yield in micellar media, 
thus providing exceptionally sensitive fluorimetric 
methods.3 

A deep knowledge of the fundamental aspects of 
these “surfactant sensitized” reactions should be in- 
valuable in the understanding and design of new 
analytical methods. Unfortunately, however, very 
little attention has been paid so far to the study of the 
mechanism and nature of such micellar effects. 

In the course of our search for new methods of 
Nb(V) determination4.’ we have studied several S-hy- 
droxyquinoline derivatives5x6 which form coloured 
and fluorescent chelates with niobium. The 7-sul- 
phonic and 5-sulphonic acids of 8_hydroxyquinoline, 
and 7-iodo-8-hydroxyquinoline-5-sulphonic acid (fer- 
ron) should provide surfactant-sensitized reactions 
with Nb(V) because all of them are strong acids 
readily yielding a negatively charged group (sul- 
phonate) to interact with the positive head of cationic 
surfactants. We have found that the 7-sulphonic acid 
does not give a positive reaction with Nb(V), but the 
other two reagents do. However, in fluorimetric work 

*Author for correspondence. 

there is the possibility of “heavy atom” effects with 
ferron (due to the iodine in this reagent), so we 
decided to study 8-hydroxyquinoline-5-sulphonic 
acid (H,L). 

In this paper we report a detailed spectrophoto- 
metric and fluorimetric study of its reaction with 
Nb(V), sensitized by cetylpyridinium bromide (CPB). 
The analytical characteristics of the colour reaction 
are given and the nature of the interactions of the 
reagent with surfactant and of the binary chelate with 
surfactant is discussed. 

EXPERIMENTAL 

Reagents 

Nb(V) stock solution (200 pgglml; 2.14 x lo-‘M). Pre- 
pared as described elsewhere.4 Standard Nb(V) solutions 
were prepared fresh, by appropriate dilution of the stock 
solution -with 2% tartahc &d solution. 

CPB solution, 0.2%; 4.7 x lo-‘M. Prepared by dissolving 
the surfactant in water by warming. The surfactant concen- 
tration was determined by titration with tetraphenylborate.’ 

H,L solution; 2.14 x lo-‘M. Made bv dissolving 0.5180 
g of-the reagent in 1000 ml of water, and standardized by 
titration with sodium hydroxide. 

Buffer solution (pH 5.7). Acetic acid (IM) adjusted to pH 
5.7 with 1M sodium acetate (pH-meter control). 

All reagents were of analytical-reagent grade and were 
used as received. Distilled demineralized water was used 
throughout. 

Apparatus 

Absorption measurements and spectra were obtained 
with a Perkin-Elmer model 124 spectrophotometer with 
automatic recording; 1.00~cm quartz cells were used. Un- 
corrected fluorescence spectra were recorded and mea- 
surements made on a Perkin-Elmer MPF-44 
spectrofluorimeter, with a high-pressure xenon tube and 
standard l&cm quartz cells. A WTW pH-meter, model 
39 1, calibrated against Radiometer buffers, was used for pH 
determinations. The conductivity measurements were made 
with a Beckman RC-18A bridge, at 25”. A conventional 
stalagmometer was used for surface-tension measurements. 
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General procedure RESULTS AND DISCUSSION 

Pipette standard Nb(V) solutions (containing up to 60 pg 
of the metal) into a series of lo-ml standard flasks. To each 
flask, add in the order shown and mixing after each 
addition: 3 ml of H,L solution, 3 ml of acetate buffer 
solution and 1 ml of CPB solution. Mix thoroughly and 
dilute to the mark with water. Allow 5 min for development 
of the colour, then measure the absorbance at 383 nm, 
and/or the fluorescence intensity (A,, = 500 nm and 
1,, = 355 nm). For both types of measurement run a parallel 
reagent blank, without Nb(V). 

Spectral characteristics 

Figure 1 shows the absorption spectra (la) and the 
uncorrected excitation and fluorescence spectra (1 b) 
for the binary and ternary systems. The addition of 
surfactant leads to a bathocromic shift of 18 nm in 
the absorption maximum of the binary complex (365 
nm), accompanied by a hyperchromic effect. In con- 
trast, the fluorescence is considerably quenched by 
the surfactant. 
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Fig. 1. (a) Absorption spectra of the binary (A) and ternary 
(B) complexes. (b) Excitation and fluorescence spectra of 
the binary (A and B) and ternary (C and D) com- 
plexes: pH = 5.7, [Nb] = 6.42 x 10-5,W, [L] = 8.56 x 

10-4M, [CPB] = 7.05 x 10-4M. 

Trimethylcetylammonium bromide gave analogous 
results, but non-micelle-forming voluminous cations 
(N,N’-diphenylguanidinium and tetraethylammo- 
nium) or the non-ionic surfactant Triton X-100, did 
not produce any change in the absorption and emis- 
sion maximum wavelengths or in the absorptivity of 
the binary complex. 

The Nb(V)-L complex is sensitized by cationic 
surfactants, but enhancement is observed only in the 
absorptiometric mode. Therefore, optimum working 
conditions were studied for a spectrophotometric 
determination of the metal in micellar CPB media. 

Effect of experimental conditions on colour devel- 
opmen t 

The influence of pH on the absorbance of the 
ternary system and the corresponding blank is shown 
in Fig. 2. The optimum pH range for formation of the 
sensitized complex is 5-6. We selected a pH of 5.7 
because the blank absorbance is minimal at this pH. 

The absorbance of the ternary complex Nb(V)- 
L-CPB depends slightly on the order of addition of 
the reagents, the best order being cation, H2L, buffer, 
CPB. Under the experimental conditions of the gen- 
eral procedure, full colour development takes less 
than 5 min, and the absorbance does not change for 
at least two days. Increasing the ionic strength from 
0.1 to 0.5M with the buffer solution has no noticeable 
effect. 

0.6 

0.6 

A 

I I I I 

4 5 6 7 

PH 

Fig. 2. Influence of pH on complex formation. (A) Ternary 
complex against reagent blank. (B) reagent blank against 
water. [Nb] = 5.35 x 10mSM, [L] = 8.56 x 10W4M, [CPB] = 

7.05 x 10e4M, I = 383 nm. 
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MECHANISMS OF THE SURFACTANT ACTION 

Chromophoric reagent-surfactant interaction 

The marked spectral changes observed on adding 
the cationic surfactant CPB to H,L solutions (Fig. 3) 
clearly demonstrate a chemical interaction. In- 
creasing the amount of CPB gradually shifts the 
characteristic two-peak spectrum of H,L at pH = 3.2 
towards a single absorption maximum at around 
310-315 nm (typical of the free reagent spectrum at 

PH 6). 
According to the values of pK,, = 3.8 and 

pK,, = 8.4, determined by us from spectrophoto- 

Maximal and constant absorbance was obtained 
with H,L concentration at least 10 times that of 
Nb(V), in the presence of excess of CPB. With a 
lo-fold ratio of H,L to Nb(V), maximal reproducible 
absorbances are obtained when the CPB concen- 
tration ratio to Nb(V) is at least 6. Even very high 
surfactant : Nb(V) concentration ratios did not de- 
crease the absorbance, in contrast to many other 
micellar systems.s 

Beer’s law, sensitivity and precision 

The calibration graph showed that the complex 
obeys Beer’s law up to 6 pg/ml of NbiV). The 
apparent molar absorptivity was calculated to be 1.46 
( + 0.01) x lo4 l.mole-‘.cn-’ at 383 nm. The relative 
standard deviation, evaluated from ten independent 
determinations of 5 ppm of Nb(V), was 0.8%. 

Interference studies 

The influence of those metals which can be associ- 
ated with niobium in natural or manufactured nio- 
bium materials is shown in Table 1. As can be seen, 
the selectivity is poor (owing to the relativity high pH 
of the determination), although the addition of 
EDTA as masking agent clearly improves the situ- 
ation. 

Among the anions tested (fluoride, citrate, oxalate, 
EDTA and phosphate), only phosphate prevented 
the formation of the ternary complex, and did so even 
at very low concentrations. EDTA can be tolerated 
up to 0.016M concentration. 

I 0.9 

X6 

).I 

3.6 

Table 1. Tolerance for interfering ions (Nb 3 ppm) 

Ion 

Ratio Ratio 
to Nb to Nb 
(W/WY Absorbance (w/w)? Absorbance 

None 0.455 0.455 
Al(II1) 1 1.245 1 0.487 
Ba(I1) 10 0.450 10 0.445 

Cr(II1) 

Bi(iIi) 

Cu(I1) 
Fe&I) 
Hg(II) 

Ca(I1) 

Mg(II) 
Mn(I1) 
Mo(V1) 

Cd(I1) 

Ni(I1) 
Pb(II) 
Sn(IV) 

Co(II1) 

Sr(I1) 
Ta(V) 
Ti(IV) 
WVI) 
V(V) 
WVI) 
Zn(I1) 

1 - 

10 

1 0.802 

1.410 

1 

100 

0.780 

0.487 
1 0.705 
1 1.027 

1 0.566 
10 0.470 
10 1.030 
1 
1 0.920 

10 0.872 
1 0.570 

100 0.452 
1 0.524 
1 0.920 
1 0.485 
1 1.020 
1 0.471 
1 0.940 

50 
100 
100 

0.448 
0.455 
0.463 
0.458 
0.455 
0.452 
0.468 
0.463 
0.461 
0.462 

100 
100 
20 

1.040 
0.458 10 

100 0.452 
0.477 
0.451 100 
0.491 
0.560 
0.506 
0.857 
0.471 X(nm) 

Fig. 3. Absorption spectra of L at pH = 3.2 (curves A-D) 
and at pH = 6 (curve E) for varying CPB concentrations. 
(L)= 2.14 x 10-4M; [CPB]=O (A, E); 4.7 x 10-4M (B); 

1.41 x lo-)M (C), 2.35 x 10-3M (D). 

100 
1 

0.457 
0.523 Zr(IV) 1 0.855 

*Minimum ratio tested = 1: 1. 
tin presence of 0.016M EDTA. 
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metric data (and in good agreement with those 
reported in the literature’), at pH 3.2 most of the 
reagent will be present as HIL whereas at pH 6 
virtually all will be in the form HL-. Therefore, it 
seems clear that the surfactant promotes dissociation 
of the chromophoric reagent and the chemical inter- 
action can be formulated as: 

HIL + CP+ + (HL- .CP+) + H+ (1) 

That is to say, an equilibrium is established between 
the undissociated form H,L and an ion-association 
complex of HL- with the surfactant (as indicated by 
the isosbestic point at around 335 nm, the same 
wavelength as for the corresponding H,L/HL- 
acid-base pair). The existence of this equilibrium is 
confirmed by conductivity experiments of the type 
used in the determination of critical micelle concen- 
trations (cmc) of surfactants: the conductivity of 
surfactant solutions plotted as a function of CPB 
concentration shows a clear break at 6.39 x 10m4M 
(Fig. 4, curve A: cmc value). Analogous experiments 
in the presence of 8.56 x 10e4M H2L show much 
higher conductivities for corresponding surfactant 
concentrations (Fig. 4, curve B). This enhancement 
must be due to the release of protons, according to 
equilibrium (1), and the chromophore-surfactant as- 
sociation seems to be relatively weak, as suggested by 
the gradual change in the slope of the “titration 
curve” (Fig. 4, curve C). 

The chromophoresurfactant interaction may be 
due to electrostatic attraction between the sulphonate 
group of the reagent and the cationic head group of 
the surfactant, resulting in soluble ion-association 
complexes, even at concentrations below the cmc of 

ZOO- 

400- 

i 
c 
d 

G 
300 - 

1 2 3 

CCPBI (3.76 x 1O-4 M) 

Fig. 4. Variation of the conductivity with CPB concen- 
tration in water (A) and in presence of 8.56 x 10m4M L (B). 

Curve C, difference (B - A). 

the CPB. This “neutralization” of the sulphonate 
group would promote the splitting off of the proton 
from the nitrogen atom of the quinolinium zwitter- 
ion: 

BO,CP 

It is worth noting that at pH > 8.5 addition of CPB 
does not appear to promote deprotonation of the 
-OH group. On the contrary, it has been observed 
that in this pH-range the absorption spectrum of the 
chromophore gradually flattens with increasing sur- 
factant concentration until it coincides with the spec- 
trum of the ion-association complex. 

Goto et ~1.” reported a similar tendency of the 
hydroxyl group of ferron to remain undissociated in 
micellar media. 

Critical micelle concentrations of CPB solutions 

To clarify the role of micelles in sensitized reactions 
it is important to know the surfactant concentration 
at which they form (the cmc). 

The cmc of CPB in pure water, as determined by 
us, was 6.39 x 10m4M and 6.86 x 10e4M by conduc- 
tivity and surface tension measurements respectively 
(in good agreement with published data”). The pres- 
ence of 8.56 x 10m4M H,L decreased the cmc to 
3.76 x 10e4M (surface tension measurements). 

Decrease in the cmc in the presence of dyes seems 
to be due to formation of mixed micelles of dye ions 
and surfactant at well below the cmc. In these cases, 
it is said that the dye induces micelle formation’* and 
the “spectral change dye method” for determining 
surfactant cmc values gives values much lower than 
those obtained by conductivity and surface tension 
measurements (without dye). The spectral change 
method seems to reveal only the first appearance of 
such mixed aggregates. 

In fact, our results on the cmc of CPB, with eosin 
as the dye, 4 indicate the formation of such mixed 
dye/surfactant micelles, as the first spectral change 
(cmc) is observed at 6.55 x lO_“M surfactant concen- 
tration, well below the usual cmc of CPB (for homo- 
micelle formation). 

Nature of the ternary compIex 

The molar ratio of Nb(V) to chromophore in the 
binary complex, determined by Job’s method, is 1: 3. 
The composition of the ternary complex was in- 
vestigated by the continuous-variations and molar- 
ratio methods, initially with a large excess of CPB. A 
molar ratio of Nb(V) to chromophore of 1:3 was 
found for the ternary system by Job’s method (Fig. 5) 
and by the molar-ratio method (by varying the 
concentration of metal). No definitive conclusion can 
be reached by varying the concentration of chromo- 
phore in the molar-ratio method because the exact 
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break in the plot depends on the Nb(V) concentration 
used. Figure 6 shows the effect of CPB concentration 
on the absorbance of solutions containing constant 
amounts of Nb(V) and chromophore. Maximum 
colour development is reached at an Nb(V):CBP 
ratio close to 1: 4, but the exact ratio depends on the 
Nb(V) concentration. These facts can be explained as 
due to reaction (1) acting as a side-reaction between 
the chromophore and CPB. 

Additional information on the composition of the 
ternary complex was provided by the continuous- 
variation method applied to isomolar solutions of 
surfactant and previously formed 1: 3 binary com- 
plex. A binary complex/CPB molar ratio of 1: 3 was 
found. Thus, it can be concluded that the ternary 
complex has a metal-chromophore-CPB molecular 
ratio of 1:3:3. 

To gain additional insight into the surfactant sen- 
sitization mechanism, changes in the fluorescence 
intensity of the Nb(VkH,L complex on addition of 
CPB were studied. The results, illustrated in Fig. 7, 
indicate that a constant degree of quenching appears 
at the same surfactant concentrations (below the 
cmc) as those for complete sensitization of absorb- 
ance (compare Figs 6 and 7). As bromide itself did 
not significantly diminish the fluorescence of the com- 
plex, the quenching observed has to be attributed 
to the phenomenon responsible for the enhanced 
absorption: the chemical interaction between CP+ 
and the NbOL:- complex. In other words, the 
fluorescence quenching arises from formation of the 
ternary species NbOL,(CP), which seems to be much 
less fluorescent than the NbOLi- complex (alkyl- 
pyridinium compounds are known to quench the 
fluorescence of aromatic compounds).‘3 

Comparative stability constants 

As a quantitative estimate of the effect of CPB on 
the Nb(V)-HrL reaction, the conditional stability 
constants (at pH 5.7) of the binary and ternary 
complexes were evaluated. 

The constant, for the fl;,S,O binary complex 
NbOL:- was found from the experimental data for 
absorbance as a function of ligand concentration. 
The corresponding constant fl;,3,3 for the ternary 
complex NbOL,(CP), was similarly calculated from 
the data for constant metal and surfactant concen- 
trations, and from the isomolar Job’s method data. 

The values obtained are j?;,r,O = 2.5 x lOto and 
8; 3 3 = 1.4 x 1014. The corresponding molar absorp- 
tivity coefficients, extrapolated to complete formation 
of the complexes are: E,,~,~ = 1.00 x lo4 and ~,,r,~ = 
1.46 x lo4 l.mole-‘.cm-‘. 

Fig. 5. Continuous variations method for Nb/L ratio. Total 
concentration = 1.28 x 10-4M (A) and 2.14 x 10m4M (B); 

[CPB] = 7.05 x 10-4M; n = 383 nm; pH = 5.7. 1.0 c 
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I I I I I 
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CCPBI (I.~~xIO-~M) 

Fig. 6. Influence of CPB concentration on complex absorb- 
ance at pH = 5.7. [L] = 8.56 x 10e4A4; [Nb] = 6.42 x 10-5M 

(A); 4.28 x 10e5M(B); 2.14 x 10m5M (C). 1 = 383 nm. 

1 I I I I 
1 2 3 4 

CCPBI (1.88 x~O-~ ,141 

Fig. 7. Influence of CPB concentration on relative 
fluorescence of the complex at pH = 5.7. [L] = 8.56 
x 10-4M; [Nb] = 6.42 x lo-‘M (A); 4.28 x 10-5M (B); 

2.14 x 10e5M (C). AeX = 355 nm; A,,,, = 500 nm. 
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CONCLUSIONS 

Cationic surfactants sensitize the reaction of Nb(V) 
with 8-hydroxyquinoline-5-sulphonic acid, typical 
features of surfactant-sensitized reactions’,’ being 
observed, uiz. bathochromic shift and absorptivity 
enhancement on addition of CPB (surfactant 
interaction favours the charge-transfer transition re- 
sponsible for absorption). Non-detergent cationic 
counter-ions do not alter the binary-complex spectral 
characteristics. Moreover, the assumed ternary com- 
plex is more stable than the binary complex and 
forms at pH values at which the binary complex is 
hardly formed. 

The reaction mechanism with CPB, however, is 
quite peculiar because: (a) below the surfactant cmc 
no precipitation or turbidity is observed, in contrast 
with most cases;s,‘4 (b) it is not necessary to reach the 
“normal” cmc critical micelle concentration of the 
surfactant to get maximum sensitization; (c) a fixed 
1: 3 ratio of metal chelate to surfactant is observed. 
It is clear that if sensitization by surfactant were due 
to a simple inclusion of the complex into the micelles’ 
it would be essential to ensure homomicelle for- 
mation (i.e., [CPB] > cmc) and a fixed stoichiometry 
would be meaningless. 

Summing up our results, a possible mechanism for 
the reaction could be that the positive head group of 
the surfactant interacts with the binary NbOL:- 
complex, through the negatively charged sulphonate 
groups of L*-, building up the ion-association ter- 
nary complex NbOL,(CP),. The surfactant in that 
complex does not behave as a simple counter-ion, 
however. In fact, it appears that the resulting species 

is a true ternary complex, but behaves like a soluble 
mixed micelle of low aggregation number.” In such 
mixed micelles the niobium complex would be iso- 
lated from the bulk aqueous solution by the hydro- 
phobic long chains of the surfactant, twisting towards 
the hydrophobic complex. In this way a hydrophobic 
environment, similar to that found in a typical mi- 
celle, would be created around the chromophore. 
This new environment and the electrostatic inter- 
actions, acting together, would account for the ab- 
sorbance and fluorescence changes observed. 
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TWIN-SPRAY FLAME ATOMIC-ABSORPTION 
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Summary-A new flame atomic-absorption method for determination of antimony, bismuth and mercury, 
called the twin-spray method, has been established. The operating conditions and potential interferences 
have been investigated in detail. Under the optimized conditions the sensitivities obtained are 20, 30 and 
70 times higher for antimony, bismuth and mercury respectively, than those of conventional AAS. The 
method can be used to determine as little as O.OOn% of antimony, O.OOOn% of bismuth and O.On% of 
mercury in geochemical samples. The procedures are very simple and easy and need no extra apparatus 
for hydride generation. 

Flame atomic-absorption spectrophotometry is well 
established for determination of antimony and bis- 
muth, but the sensitivity is poor. Because the sensi- 
tivity for mercury is also low, up till now flame 
atomic-absorption spectrometric determination of 
mercury has not found wide practical application. 
However, a new method called twin-spray flame 
atomic-absorption spectrometry has been estab- 
lished,’ based on the simultaneous aspiration of a 
solution containing the element to be determined 
(e.g., Sb, Bi, Hg) and of a solution of potassium 
borohydride, into an air-acetylene flame. The anti- 
mony or bismuth hydride or the elemental mercury 
generated during the continuous mixing and nebu- 
lization of sample solution and reducing reagent 
solution is carried with the mixed spray into the 
flame, where the hydride (or metal) is atomized. The 
aim of the present work was to study the deter- 
mination of antimony, bismuth and mercury by the 
twin-spray technique and apply the method to anal- 
ysis of geochemical samples having various matrix 
compositions, such as rocks, sediments, copper ores, 
iron ores and pyrites. As little as O.OOn% of antimony, 
O.OOOn% of bismuth and O.On% of mercury can be 
determined simply and easily in this way. 

EXPERIMENTAL 

Apparatus 

A model WFD-Y, atomic-absorption spectrometer with 
a model WF-3 digital read-out system, made by the Second 
Optical Instrument Factory in Beijing, was used. 

A schematic diagram of the twin-spray apparatus is 
shown in Fig. 1. It is very simple, and easy to make. Three 
stainless-steel capillaries, A, B, C, are fixed in a piece of 
plastic (e.g., polyacrylamide) to form a Y-piece. The capil- 
lary C is connected to the entry-port of the AAS instrument. 
A plastic capillary (E) is connected to A and carries a 
syringe needle (F) at its other end; F dips into the potassium 
borohydride solution; a second capillary (E) connected to B 

dips into the sample solution. The ratio of the flow-rates 
through A and B is 1:4. 

Reagents 

Standard working solutions (antimony and bismuth 
20 pg/ml; mercury 100 pg/ml) were prepared by diluting 
stock solutions with water. 

The potassium borohydride solution contained one pellet 
of potassium hydroxide per 200 ml. 

Determination of antimony in ores and pyrites 

Weigh 0.1 g of powdered sample into a SO-ml beaker and 
add 15 ml of concentrated nitric acid, 5 drops of concen- 
trated sulphuric acid and 1 ml of 70% perchloric acid. Cover 
the beaker with a watch-glass, heat to dissolve the sample, 
then evaporate the solution to fumes of perchloric acid. 
Cool, add 10 ml of hydrochloric acid (1 + 1), warm gently 
and transfer the solution and residue into a 50-ml standard 
flask. Add 5 ml of 25% thiourea-5% ascorbic acid&5% 
potassium iodide solution. Dilute to the mark with water 
and mix thoroughly. 

E 

/E 

I 

a b 

Fig. 1. Schematic diagram of twin-spray apparatus, A, B 
and C are stainless-steel capillaries (length 20 mm, bore 0.6 
mm); D is a piece of polyacrylamide plastic (20 x 10 x 5 
mm); E is plastic capillary tubing (bore 0.9 mm); F is a No. 
7 syringe needle (length 32 mm, bore 0.2 mm); a is the 
solution of potassium borohydride and b is the test solution. 
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pg /50 ml 

Fig. 2. The calibration graph for antimony. 

For the determination the 0.2% potassium borohydride 
solution is drawn up through A and the sample (or 10% 
hydrochloric acid for zero adjustment) through B. A typical 
calibration graph is shown in Fig. 2. 

Determination of bismuth in water sediments 

Weigh 0.5 g of powdered sample into a lOO-ml beaker and 
add 15 ml of concentrated hydrochloric acid and 5 ml of 
concentrated nitric acid. Cover the beaker with a watch- 
glass, boil to dissolve the sample, then evaporate the solu- 
tion nearly to dryness. Add 10 ml of nitric acid (1 + 1) and 
heat to dissolve the salts. Transfer the resulting solution and 
residue into a SO-ml standard flask, dilute the solution to the 
mark with water and mix thoroughly. Set it aside until the 
solution becomes clear. Make the measurements as for 
antimony, but use 0.3% potassium borohydride solution. A 
typical calibration graph for bismuth is shown in Fig. 3. 

Determination of bismuth in copper ores (>2”/, of copper) 

Decompose a 0.5-g sample as for sediments, then evapo- 
rate the solution nearly to dryness. Add 10 ml of water and 
1 ml of hydrochloric acid (1 + 1) and heat to dissolve the 
salts. Add 1 ml of 2.5% lanthanum nitrate solution followed 
by 20 ml of ammonia solution (1 + 1). Check that precip- 
itation is complete. Filter off the precipitate, wash it three 
times wtth 20% ammonia solution, then redissolve it in 
20 ml of nitric acid (1 + 1) heated just to boiling. Collect the 
solution in the original beaker and transfer it into a 50-ml 
standard flask, dilute to the mark with water and mix. 
Complete the determination of bismuth as before. 

Determination of bismuth in pyrites containing gold (> 50 

g/ton) 
Decompose a 0.5-g sample as for sediments, and evapo- 

rate the solution to about 2 ml. Add 10 ml of water, warm, 
and pour the solution into a funnel having a 6-cm stem 
containing a chromatographic column (shown in Fig. 4, and 
prepared as follows). Treat 5 g of PTFE with 10 ml of 15% 
tributyl phosphate solution in ether, let the ether evaporate, 
then soak the material in dilute hydrochloric acid and pack 

v I I I 

10 30 50 

pg/ 50ml 

Fig. 3. The calibration graph for bismuth. 
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Fig. 4. Chromatographic column funnel, 

it in the funnel stem between cotton-wool plugs, to give a 
flow-rate of l-2 ml/min. Condition the column for use by 
washing it first with an acid mixture consisting of 15 ml of 
concentrated hydrochloric acid and 5 ml of concentrated 
nitric acid diluted to 100 ml with water, and then once with 
10 ml of 1M hydrochloric acid, collecting the sample 
solution and washings in a lOO-ml beaker. Evaporate the 
solution nearly to dryness. Add 10 ml of nitric acid (1 + 1) 
and measure as for sediments. 

Determination of mercury in ores 

Weigh a 0. l-g sample into a lOO-ml beaker. Add 5 ml each 
of concentrated hydrochloric acid and nitric acid, cover the 
beaker with a watch-glass, boil gently for 5 min, then 
remove the watch-glass and continue heating gently for 
10-15 min. After cooling, transfer the solution into a 50-ml 
standard flask, dilute it to volume with water and mix. For 
the determination use 0.05% potassium borohydride solu- 
tion and “10% mixed acid” (see Table 1) solution to adjust 
the zero point. The calibration graph is linear up to 500 pg 
of mercury in the final 50 ml of solution. 

RESULTS AND DISCUSSION 

Optimization of operating conditions 

The effects of acetylene flow-rate, observation 
height, and concentrations of potassium borohydride 
and acids, on determination of antimony, bismuth 
and mercury were studied systematically. The effect 
of potassium borohydride concentration is shown in 
Fig. 5. It was found that the response signals were 
practically constant at hydrochloric acid, nitric acid 
or sulphuric acid concentrations between 5 and 20% 
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Fig. 5. Effect of concentration of potassium borohydride on 
determination of (I) 2 ppm of antimony, (II) 1 ppm of 

bismuth and (III) 2 ppm of mercury. 
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Table 1. Optimal operating conditions for the twin-spray method 

Element Antimony Bismuth Mercury 
Wavelength, nm 217.6 223.0 253.0 
Lamp current, mA 12 9 9 
Acetylene flow-rate, I./min 1.3 0.9 1 
Air flow-rate, I./min 4.0 4.0 4.0 
Slit-width, mm 0.1 
Concentration of acid 10% HCl 10% ::o, 

0.2 
10% 1:l v/v 
HCl and HNO, 
mixture* 

Concentration of 
potassium borohydride, % 0.2 0.3 0.05 

*“lo% mixed acid”. 

Table 2. Comparison of characteristic concen- 
trations @g/ml for 1% absorption) 

Twin-spray Conventional 
Element method AAS 

Antimony 0.022 0.5 
Bismuth 0.02 0.68 
Mercury 0.13 10 

Table 3. Recovery of bismuth after prior separation of 
interferences 

Separation of gold by Separation of copper by 
extraction chromatography co-precipitation 

[250 pg of Au(III)] [50 mg of Cu(II)] 

Bi(III), pg Bi(III), pg 

Added Found Added Found 

5.0 4.9,5.0 5.0 5.0,5.0 
10.0 10.0,9.8 10.0 10.0, 10.2 

for antimony, at concentrations of hydrochloric acid 
and nitric acid between 5 and 20% for bismuth and 
at concentrations of hydrochloric acid and nitric acid 
between 5 and 20% (in 1: 1 v/v mixture) for mercury. 
An acid concentration of 10% (as listed in Table 1) 
was chosen as the best compromise. To vary the ratio 
of flow-rate through A and B, syringe needles of 
different bore were employed. When a No. 7 needle 
(0.2 mm bore, 32 mm long) was used, the absorption 
signal was maximal, so this needle was selected to 
control the flow-rate through A. The ratio of 
flow-rates through A and B was then about 1~4. 

Sensitivity of twin-spray methods 

It was found (Fig. 5) that the simultaneous mixing 
and nebulization of the two solutions caused the 
atomic-absorption signal to increase sharply only if 

the concentration of potassium borohydride was very 
low. The characteristic concentrations under the opti- 
mized conditions are shown in Table 2. They are 
improved by factors of about 20 for antimony, 30 for 
bismuth and 70 for mercury, by use of the very simple 
twin-spray apparatus. 

E#ect of other cations 

The effects of different cations on the deter- 
mination of antimony, bismuth and mercury were 
investigated. 

There was no interference in determination of 
antimony (2 pg/ml) at the following levels of other 
cations: 5 mg of Co(II), Cd, Ni, Cu(II), Zn, Pb, Ca, 
Mg, Mn(II), Ti(IV), Al; 1 mg of As(III), Bi; 0.5 mg 
of Sn(IV); 0.1 mg of Se(IV), Te(IV), Ag, Hg(I1). The 
interference of 100 mg of Fe(II1) and 100 pg of 
Au(II1) (which decrease the antimony signal) could 
be minimized by using thiourea and ascorbic acid as 
masking agents. 

In determination of bismuth (0.4 pg/ml) the 
tolerances for other elements were: 50 mg of Fe(II1); 
25 mg of As(II1); 10 mg of Cu(II), Pb, Zn; 5 mg of 
Co(II), Cd; 1 mg of Sn(IV); 0.25 mg of Ag; 0.1 mg 
of Hg(I1); 30 pg of Se(IV), Te(IV); 20 pg of Au(II1). 
Larger amounts of iron slightly increased the bismuth 
absorbance, and larger amounts of copper, gold, 
selenium and tellurium seriously suppressed the re- 
sponse. Copper can be removed by co-precipitation 
with lanthanum hydroxide,2 and gold by extraction 
chromatography with TBP.3 However, the concen- 
trations of selenium and tellurium are unlikely to 
exceed 50 ppm in normal geochemical work. The 
effect of a large amount of iron can be compensated 
for by adding about the same amount to the cali- 
bration solutions. For example, for a 0.5-g sample of 

Table 4. Comparison of results of determination 

Rock Rock GSD* GSD* Copper Mercury Mercury 
A B 2 6 ore 4C ore A ore B 

Mean value, % OS;7 . 0:7 0.0:22 0.0:52 0.;38 

Hg Hg 

0.060 0.229 
Recommended 

value, ‘4 0.005 0.022 0.00016 0.00050 0.00039 0.058 0.223 

*Sediment sample. 
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pyrite, 250 mg of Fe(II1) needs to be added to each 
of the standard solutions. 

The following amounts of various elements had no 
significant effect on determination of mercury (4 
pg/ml): 25 mg of Fe(III), Cu(II), Ca, Mg; 10 mg of 
Pb, Zn, Cd, Al, Ti(IV), Mn(II), As(III), Sn(IV), La; 
5 mg of Co(II), Ni; 2.5 mg of Sb(II1); 0.2 mg of Bi; 
0.1 mg of Se(IV), Ag; 10 pg of Te(IV), Au(II1). 
Generally speaking, there is no need to separate 
mercury from cations commonly accompanying it, if 
the sample weighs not more than 0.1 g, because the 
gold and tellurium concentrations very rarely exceed 
100 fig/g in normal rocks. 

Applications 

The method has been used to determine traces of 
antimony and bismuth and low levels of mercury in 
geochemical samples and some standard samples. 
The values obtained are compared with the certified 
values for standard reference samples, in Table 4. 

Determination of antimony and bismuth in pyrites 
was also tested, by the method of standard-additions. 
The amounts of antimony and bismuth added to 
samples before decomposition were recovered quan- 
titatively. 

CONCLUSIONS 

The operating conditions for “twin-spray” atomic- 
absorption spectrometric determination of antimony, 
bismuth and mercury have been established. Many 

elements commonly accompanying these metals show 
no significant interference. The effects of large 
amounts of iron and gold on the determination of 
antimony may be minimized by adding thiourea and 
ascorbic acid as masking reagents. The main inter- 
ferences from copper and gold in determination of 
bismuth can be overcome by prior separation of 
copper by co-precipitation* and separation of gold by 
extraction chromatography with the TBP-PTFE- 
HCl system.3 Under the optimized operating condi- 
tions the sensitivities of the twin-spray method are 20, 
30 and 70 times higher for antimony, bismuth and 
mercury respectively, than those of conventional 
AAS methods. Trace amounts of antimony and 
bismuth and low amounts of mercury in various 
geochemical samples can be satisfactorily deter- 
mined. The relative standard deviations are 2% for 
mercury, and 5-10% for antimony and bismuth. The 
procedures are very simple and easy, and a special 
feature is that they need no additional apparatus for 
hydride generation. 
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DETERMINATION OF CADMIUM BY DIFFERENTIAL 
PULSE ANODIC-STRIPPING VOLTAMMETRY 

AFTER SALTING-OUT EXTRACTION INTO 
ACETONITRILE 
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Summary-A selective and specific method is presented for anodic-stripping voltammetric determination 
of cadmium after extraction with O.lM tetrabutylammonium iodide solution in acetonitrile from aqueous 
ammonium sulphate solutions. The detection limit of this method is 0.2 ng/ml (in the acetonitrile extract). 
Interference from matrices or large amounts of elements reduced at more positive potentials can be 
eliminated by prior extraction. The method has been applied to trace analysis for cadmium in zinc, lead 
and indium metals, and some inorganic salts. 

Although numerous voltammetric methods have 
been developed for the determination of cadmium in 
various samples,‘4 anodic-stripping voltammetry 
(a.s.v.) in the differential pulse mode is widely utilized 
because of its low detection limits (of the order of 0.1 
ng/ml) and its relative freedom from matrix effects.5m’0 
Our preliminary experiments showed that serious 
interferences were caused by the presence of lead, 
indium, nickel or zinc in the conventional a.s.v. 
determination of cadmium. Like polarography, the 
a.s.v. method applied in aqueous medium suffers 
from interferences by large amounts of matrix ele- 
ments or cations reduced at more positive potentials 
than the analyte. In such cases a preliminary sepa- 
ration is usually necessary to isolate the analyte (in 
this work, cadmium) from interfering elements prior 
to the a.s.v. determination, particularly in the analy- 
sis of complicated matrices. 

Fujinaga and Nagaosa have overcome the problem 
of poor selectivity by utilizing a salting-out extraction 
followed by polarography in acetonitrile as solvent.” 
Exploitation of differential pulse polarography after 
such an extraction, however, often seems inadequate 
for trace analysis of real samples. 

The aim of the present work was to demonstrate 
the capability of the proposed, a.s.v. method follow- 
ing extraction into acetonitrile, for the determination 
of cadmium in aqueous solutions containing inter- 
fering elements. The cadmium is extracted as its 
iodide complex from an aqueous ammonium sul- 
phate solution into a salted-out acetonitrile phase 
containing tetrabutylammonium iodide (TBAI) 
(O.lM), then determined by direct differential pulse 
a.s.v. measurement on the non-aqueous phase. It has 
been shown that this method can be applied to the 
determination of cadmium in zinc, lead, aluminium 
and inorganic salts with good results. This a.s.v. 

method would have potential for application to a 
wide range of trace analyses for metals, particularly 
in steels, alloys and environmental samples. 

Apparatus 
EXPERIMENTAL 

All voltammetric measurements were made with a Prince- 
ton Applied Research (PAR) Model 174A polarographic 
analyser with a Model 303 static mercury-drop electrode 
assembly. A Riken Denshi Model F3EP X-Y recorder was 
used to obtain current-potential curves in the cyclic and 
a.s.v. experiments. The three-electrode system consisted of 
a hanging mercury-drop electrode as the working electrode, 
a silver-silver chloride reference electrode and a platinum- 
wire auxiliary electrode. The a.s.v. analyses were performed 
with a Fuso Model 915 controller, at the following settings: 
deposition potential, -0.95 V; deposition time, 180 set; rest 
period, 30 set; modulation amplitude, 25 mV; scan-rate, 5 
mV/sec; drop-size, medium. 

Reagents 

Acetonitrile, ammonium sulphate and TBAI were as 
described previously. ” The other reagents used were of 
guaranteed reagent grade from Wako Pure Chemicals Co., 
Ltd. The 50% ammonium sulphate solution used as aqueous 
phase was stripped of any cadmium in the salt used, by 
extraction with three lo-ml portions of O.lM TBAI in 
acetonitrile. Standard cadmium nitrate solution (1 pg/ml) 
was diluted as required, to give the working solutions. The 
high-purity water used throughout was produced by a 
Millipore Milli-Q system. 

Procedure 

An aliquot of the sample solution (not exceeding 5 ml) 
was taken in a 50-ml stoppered centrifuge-tube, and 20 ml 
of 50% ammonium sulphate solution and 20 mg of ascorbic 
acid were added, and the volume was made up to 25 ml with 
water. Ten ml of O.lM TBAI solution in acetonitrile were 
added and the two phases shaken vigorously to extract the 
tetraiodocadmate-TBA ion-pair. Exactly 8.0 ml of the 
acetonitrile phase were transferred into an electrolytic cell. 
After deaeration of the acetonitrile solution with nitrogen 
(saturated with acetonitrile) for 5 min, the a.s.v. deter- 
mination of cadmium was performed at 25”, with continued 
passage of the nitrogen over the solution surface. 
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Fig. 1. Typical voltamperograms obtained for cadmium in 
acetonitrile extract. Cyclic voltammetry (CV): 1.0 pg/ml 
Cd(H); scan-rate 20 mV/sec. Differential pulse anodic- 
stripping voltammetry: 0.1 pg/ml Cd(I1); experimental con- 

ditions as described in the text. 

Sample dissolution 

About 1 g of a metal sample, in a lOO-ml beaker, was 
dissolved in 10 ml of concentrated nitric acid by heating at 
ca. W”, and this was followed by evaporation almost to 
dryness. After cooling, the residue was dissolved in 10 ml of 
2M nitric acid and diluted to volume in a lOO-ml standard 
flask with water. Inorganic salt samples were dissolved in 
moderately concentrated hydrochloric acid and diluted to 
standard volume. 

RESULTS AND DISCUSSION 

Voltamperograms 

The degree of extraction of cadmium with TBAI 
into a salted-out acetonitrile phase was sufficiently 
high (99.5% in a single extraction) for the purpose of 
this study.” The amount of cadmium present in 
commercially available ammonium sulphate was 
large enough to be detectable by our extraction-a.s.v. 
procedure under the chosen conditions. The ammo- 
nium sulphate solution was therefore purified by 
extraction with O.lM TBAI solution in acetonitrile. 

Figure 1 shows a cyclic voltamperogram and a 
differential pulse a.s.v. curve for the cadmium com- 
plex extracted into the acetonitrile phase. The 
difference between the two peak potentials on the 
cyclic voltamperogram, 30 mV, indicates a quasi- 
reversible electrode reaction with two-electron trans- 
fer. The anodic wave, which is about three times as 
high as the corresponding cathodic wave, is more 
suitable for analytical use. It is probable that the 
presence of iodide from the TBAI facilitates stripping 
of the deposited cadmium into the acetonitrile solu- 
tion. A differential pulse a.s.v. peak was obtained at 
-0.78 V us. Ag/AgCl and was ten times as sensitive 
as that obtained in 0.1 M hydrochloric acid medium. 
Selectivity as well as sensitivity is shown to be 
improved by the acetonitrile extraction method using 
the salting-out technique. 

L 

-0.6 -1 0 -1.2 

DEPOSITION POTENTIAL (V vs.Ag/AgCl) 

Fig. 2. Effect of deposition potential on peak current. Cd(I1) 
8.0 ng/ml; deposition time 3 min. 

Eflect of experimental conditions on a.s.v. peak heights 

It is clear from the data shown in Fig. 2 that the 
cadmium peak height is approximately constant only 
for the narrow range of deposition potentials from 
-0.90 to -0.95 V us. Ag/AgCl. Outside this range, 
the peak height decreases sharply. This result can be 
understood from the fact that the tetraiodocadmate 
complex gives a minimum d.c. wave at potentials 
between - 1.1 and - 1.5 V; in this potential range, 
the cadmium complex anion undergoes coulombic 
repulsion by the negatively charged mercury. A depo- 
sition potential of -0.95 V was used for the deter- 
mination of cadmium. 

As shown in Fig. 3, the cadmium peak height 
increases linearly with increasing deposition time up 
to 8 min, beyond which the increase is more gradual. 
A deposition time of 3 min was used in this study, 
though longer deposition times are recommended for 
ultratrace analysis if necessary. 

The cadmium peak height was found to increase by 
a factor of about 3 as the scan-rate was decreased 
from 10 to 1 mV/sec. With decreasing scan-rate, the 
peak potential shifted to more positive values and the 
peak width became narrower. The serious effect of 
scan-rate on peak height may be due to the irre- 
versible electrode reaction of the cadmium complex 
in the acetonitrile extract. A scan-rate of 5 mV/sec 
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Fig. 3. Effect of deposition time on peak current. Cd(I1) 4.0 

ng/ml; deposition potential -0.95 V. 
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was therefore chosen as optimal for the deter- Table 1. Effect of diverse ions on the determination of 40 ng 
mination of cadmium. of cadmium(I1) 

Sensitivity and reproducibility 

Calibration graphs for cadmium under the chosen 
conditions showed good linearity up to a concen- 
tration of 50 ng/ml in the acetonitrile extract. Higher 
concentrations of cadmium can be determined di- 
rectly by differential pulse polarography of the ex- 
tract. A relative standard deviation of ca. 5% was 
found for 5 replicate determinations at the 1-ng/ml 
level and ca. 10% at the O.Cng/ml level (10 replicates). 
The cadmium peak height obtained in the blank test 
was 8 nA, corresponding to 0.2 ng/ml Cd: this may 
be due to cadmium in the mercury and reagents used. 
A detection limit of 0.2 ng/ml was estimated, on the 
basis of the detection limit being twice the standard 
deviation of the blank signal. 

Standard-additions method 

The cadmium in indium metal (99.99% purity) was 
determined by the standard-additions method, with 
aqueous cadmium solution added to the acetonitrile 
extract. The cadmium content thus found, 0.10 ppm, 
was in good agreement with the value (0.12 + 0.02 
ppm) obtained from the calibration graph. Applica- 
tion of the standard-additions method in this way 
was found to be satisfactory: the cadmium-TBAI 
complex is formed in the acetonitrile phase. 

Interferences 

The effect of foreign ions on the a.s.v. deter- 
mination of 4.0-ng/ml cadmium was studied under 
the established conditions. Table 1 gives the results. 
A 104-fold w/w ratio (to cadmium) of iron(III), 
bismuth, cobalt(II), chromium(W), antimony(III), 
manganese(II), tin(II), aluminium, nickel and silver 
(as their nitrates or sulphates) was tolerated, along 
with 200 mg of chloride and 40 mg of nitrate. The 
tolerance limit for these ions is expected to be much 
higher than the amount usually present in the test 
samples. Copper( which is reduced and co- 
extracted as the iodide complexes of copper(I), tends 
to reduce the peak height of cadmium, but a concen- 

Added 

Cu(I1) 

Fe(II1) 

Bi(II1) 
Co(I1) 
Cr(V1) 
Sb(II1) 
Mn(I1) 
Sn(I1) 
Al(II1) 
Ni(I1) 
Ag(I) 
Cl- 
NO; 

Amount, Cd found, Error 
/QI W % 

200 38.3 -4.3 
400 
400 39.7 -0.7 
4OO+NaF 42.9 f7.2 
400 39.7 -0.8 
400 38.6 -3.4 
400 38.2 -4.6 

2000 41.4 f3.5 
400 41.6 +4.0 
400 38.8 -3.1 
400 41.9 +4.7 
400 42.0 +5.0 
400 42.8 +7.0 
200 mg 37.8 -5.6 
40 mg 40.1 +0.2 

Table 2. Effects of Pb, In and Zn on the determination 
of Cd 

Amount, 
Added mg 

Pb(I1) 40 
400 
400 

In(II1) 4 
50 

200 
200 

Zn(I1) 4 
40 

200 
200 

Cd added, 
ng 

40 
40 
0 

40 
40 
40 

0 
40 
40 
40 

0 

Total Cd 
found, ng 

40.5 
46.6 

5.7 
51.4 

190 
646 
597 
40.5 
50.5 
80.5 
41.9 

Pb and Zn were added as nitrates, and In was added as 
sulphate. 

tration as high as 20 pg/ml can be tolerated under the 
conditions used. 

Table 2 indicates the degree of interference by lead, 
indium and zinc. The presence of cadmium in the 
metal salts tested was confirmed by the standard- 
additions method. Zinc, as matrix element, exhibits 
an a.s.v. peak at -0.90 V, being partially extracted 
as its iodide complex into the acctonitrile phase, but 

Table 3. Analytical results for cadmium in various samples 

Found, Certified, 
Sample ppm ppm 

NBS 94c 26 k 2 20 
(Zinc Base Alloy) 

NBS 683 0.98 f 0.10 1.1 
(High Purity Zn) 

Zn(NO,), .6H,O 0.0460 + 0.0004 
Indium (99.99%) 0.12 + 0.02 max. 4 
In,(SO,), .9H,O 1.01 + 0.03 
Lead (99.999%) 0.25 f 0.03 max. 1 
Pb(NQX 0.0089 + 0.0001 
NaCl 0.0249 + 0.0016 max. 0.01 
(NH&S04 0.0015 + 0.0002 max. 0.01 
KNO, 0.0193 + 0.0014 
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fortunately does not interfere, since the peak is well 
separated from that for cadmium. Salts such as 
sodium chloride, ammonium sulphate and potassium 
nitrate were also analysed for cadmium (Table 3), 
about 1 g of sample being used. 

Applications 

The samples selected for study were zinc, indium, 
lead and their salts, because these metals often inter- 
fere in the determination of cadmium by the con- 
ventional a.s.v. method. Table 3 summarizes the 
results obtained. Those for the NBS zinc samples 
agree satisfactorily with the certified values. As in the 
case of the analysis of lead and indium, the method 
seems applicable to other samples with good select- 
ivity. We hope that some problems in the a.s.v. or 
polarographic method have been resolved by the 

preliminary separation in the solvent extraction step; 
it is, however, a somewhat tedious procedure. 
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Snmmary-A method for a serological diagnosis of syphilis is presented, in which a thin-layer ion-selective 
electrode is used for monitoring the complement-mediated immune lysis of antigen-sensitized phos- 
pholipid liposomes in microlitre sample volumes. The liposomes are loaded with tetrapentylammonium 
ions (TPA+) which are then released from the liposomes by the immuno reaction and are monitored by 
a TPA+ ion-selective electrode. This is a direct but much amplified measure of the syphilitic antibodies 
to be assayed. The principles and evaluation of the method are given. The results have been compared 
and correlated with those of a conventional method. 

The most important factors in potentiometric immu- 
noassay are the achievement of two critical require- 
ments: (1) high selectivity without interference from 
other proteins, and (2) use of as small a sample 
volume as possible. Recently, we have developed a 
novel method for fulfilling these requirements. It uses 
a thin-layer ion-selective electrode (ISE)’ to monitor 
the complement-mediated immune lysis of antigen- 
sensitized phospholipid liposomes’ in microlitre vol- 
umes of solution. The liposomes are loaded with a 
concentrated solution of water-soluble membrane- 
impermeable molecules or ions as a marker. The 
marker retained within the liposomes will not cause 
a response in the corresponding ISE. Complement- 
mediated lysis of the liposomes releases the marker 
ions to a dilute solution, where the relevant ISE can 
respond sufficiently rapidly, under the conditions 
used, for the rate of response to be a valid measure 
of the rate at which the marker is released from the 
liposomes. 

In the present paper, the proposed method is 
applied to the serological diagnosis of syphilis. 

PRINCIPLE 

Membrane immunochemistry 

Liposomes prepared from a mixture of the pure 
lipids, cholesterol, lecithin and cardiolipin, are able to 
bind antibodies active against the spirochaete causing 
the disease (Treponema pallidum).3 In the presence of 
complement, an immunological lysis of the mem- 
brane takes place (Fig. 1). This membrane lysis can 
be monitored by first trapping marker ions or mole- 

*Author for correspondence. 

cules inside the liposomes and then using an appro- 
priate ISE or species-selective electrode, to follow 
their release, which is a direct but much amplified 
measure of the antibodies to be assayed. In the 
present study, the tetrapentylammonium ion (TPA+) 
was chosen as marker, and a TPA+ ion-selective 
electrode was used. This ion was chosen as marker 
because it is large enough for its background leakage 
to be negligible during an experiment and because its 
selectivity coefficients towards Na+ and K+ are 
5.0 x 10m6 and 6.2 x 10m6 respectively, so interference 
by Na+ and K+ in sera will be negligible. 

Thin -layer potentiometry 

A PI-sample solution is held as a thin-layer in a 
narrow space between the flat bottom of the ISE 
sensor and a plate-shaped silver/silver halide refer- 
ence electrode (Fig. 2). With this arrangement the 
necessary sample volume can be reduced by three or 
four orders of magnitude (to the ~1 level) from that 
for ordinary ISE measurements (l-10 ml level) with- 
out miniaturizing the ISE itself. This assembly makes 
potentiometric measurements of immunological sys- 
tems practicable. 

EXPERIMENTAL 

The multilamellar liposomes were prepared from chloro- 
form solutions of dipalmitoyl phosphatidylcholine (DPPC, 
Sigma), cardiolipin (CL, Sigma), cholesterol (CH, Nakarai 
Co.) and stearylamine (SA, Sigma) in molar ratio 
2:0.02: 1.5: 0.21. After evaporation of the chloroform, the 
dried lipids were swollen in aqueous 0.1 SM TPA+ solution 
(pH 7.4). Untrapped marker ions were removed bv centri- 
fugation (174Odg) for 10min each time, at 0”, v&h five 
portions of modified Verona1 saline (VBS) (3.12mM barbi- 
tal, 1.82mM barbital sodium salt, O:lSmG CaCl,, 0.5mM 
MgCl,, 0.147M NaCl). The liposomes were prepared ac- 
cording to Kinsky et ~1.~ A plate-shaped Ag/AgCl reference 
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Complement 

Fig. 1. Immune lysis of sensitized liposomes by antibody and complement, and resulting leakage of 
marker ion, TPA+ (tetrapentylammonium ion). 

electrode was made by anodic oxidation of a silver plate 
(4 x 7 cm, 2 mm thick) in O.lM potassium chloride at 
+0.5 V us. SCE for 5 min. A TPA’ ISE was made with PVC 
and dioctyl phthalate, in the body of an Orion Model 95 
electrode. The electrode response was Nernstian over the 
TPA+ range from 1 to 10m6M. Seropositive and normal 
human sera were provided by the Japan Red Cross Blood 
Centre (Tokyo). The titre value for the seropositive sera 
used was determined to be 1:512 by a standard semi- 
quantitative method, SST (Serodiagnosis of Syphilis Test, 
Iatron Co. Tokyo). The SST method is based on careful 
observation by the naked eye of the extent of precipitates 
composed of antigen-antibody complexes and fine carbon 
powder. The reagents used for the SST method are the same 
lipids as those for the constituents of liposomes mentioned 
above, except for the stearylamine (which was added to 
increase the trapping efficiency of liposomes for positively 
charged marker ions). All human sera used were treated at 
56” for 30min before testing, in order to eliminate the 
complement activity from the human serum itself. The 
complement used was from guinea pig serum, which was 
stored at - 80”. The titre value for this was found to be 267 
CH50/ml by a simplified Mayer method.5 

A typical procedure was as follows. To a 50-~1 or other 
(suitable) liposome aliquot were added an equal volume of 
Wassermann-seropositive serum and an equal volume of 
fresh guinea pig serum (source of complement). After 30 min 
incubation at 25”, typically 20-50~1 of the mixture was 
placed on the Ag/AgCl reference electrode and the ISE 
body (in an upright position) was lowered onto the sample 
droplet. Thus, the sample solution was kept in a thin layer 
between the flat bottom of the ISE and the reference 
electrode, for e.m.f. measurement. The e.m.f. were measured 
on a millivolt meter (Model HM-Sbs, TOA Electric Co., 

PVC membronc 

ISE $ mV 

7 
Ag/Ag Cl reference electrode 

Fig. 2. Thin-layer potentiometry for microlitre samples. 

Tokyo) at 21” after a wait of 3 min for equilibrium to be 
attained. 

It is known that the phase-transition temperature for 
liposomes differs according to the kinds of phospholipids 
used. Thus, it seems important to choose an appropriate 
temperature for incubation. We selected an incubation 
temperature of 25” for the immune lysis reaction, as a 
trade-off between the greater possibility of background 
release of marker ions at higher temperatures and the 
optimum temperature of around 37” for the immuno- 
reaction. Indeed, the release of marker ions was 11, 14 and 
85% greater at 30”, 37” and 55” respectively, than at 25”. It 
should be noted, however, that this release of TPA+ ions 
refers to incubation, in which rather vigorous stirring under 
warm conditions is general. In contrast, in the static condi- 
tions of the thin-layer ISE measurement in the present case, 
such background release of marker ions was quite negligible 
during the course of the experiment. 

RESULTS AND DISCUSSION 

Maximum potential change and optimum complement 
level 

The crucial point for obtaining maximum potential 
change was found to be minimization of the anti- 
complement reaction induced by unidentified constit- 
uents in human sera. To do this, the haptenic antigen- 
sensitized liposome was first complexed with the 
corresponding antibody (Wasserman antibody), and 
any unwanted components in the sera were separated 
from the system. The procedure was to bind the 
antigen-sensitized liposome sufficiently with the anti- 
serum by heating at 37” for 30 min, and then wash it 
adequately with VBS by centrifugation, with two 
changes of VBS. It was assumed that after this, most 
of the active haptenic antigen sites on the surface of 
the liposome membrane were occupied by corre- 
sponding antibodies. The haptenic antigen-sensitized 
liposomes thus made were then reacted with various 
concentrations of guinea-pig serum (complement 
source) so that the effect of complement concen- 
tration was accurately measured. The results are 
shown in Fig. 3, where AE is the difference between 
EC (the e.m.f. reading when the active complement 
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Fig. 3. Effect of complement concentration on TPA+ re- 
lease from the antigen-antibody sensitized liposomes 
(200~1) (see text). G.P.C.-guinea-pig serum as com- 

plement source (100 ~1). dE = E, - EL. 

was used) and EA [the e.m.f. when the inactive 
complement (heat-treated at 56” for 30 min) was used 
but under otherwise identical conditions]. The advan- 
tage of using AE is that the background correction is 
accurate, because the total protein concentration is 
the same for the sample (with active complement) and 
the blank solution (with deactivated complement) 
even if the level of complement has to be changed. As 
seen in Fig. 3, the maximum change in potential thus 
obtained as about 45 mV, at rather high complement 
levels. 

Dependence on antibody concentration 

The ISE potential was measured as a function of 
dilution (concentration) of seropositive human sera 
(titre 1:512) (Fig. 4). Blank values were again ob- 
tained by use of an identical concentration of deacti- 
vated complement but under otherwise identical con- 
ditions, as in the preceding section. Also, the same 
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Fig. 4. Effect of seropositive serum (titre 1: 512) dilution 
(concentration) on TPA+ release from liposomes. G.P.C. 

1: 3 dilution. 
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Fig. 5. Correlation between the present method and a 
conventional (SST) method for the diagnosis of syphilis. 
Twenty different human sera (both from normal persons 
and patients) were collected from the Japan Red Cross 
Blood Centre, Tokyo. 0 Positive serum (1:5 dilution); 0 

negative serum (1:5 dilution); G.P.C. 1: 3 dilution. 

experiments were performed, for comparison, with 
normal human sera, which of course show no poten- 
tial changes with dilution. However, it was found that 
even with use of normal human sera, AE values of 
4-5mV were observed, in contrast to expectation. 
The reason for this is not clear at the moment, but 
probably some components of unknown nature in the 
guinea-pig serum (complement source) rather than of 
normal human serum may cause lysis of liposomes to 
a certain extent, because normal human sera at varied 
levels gave similar AE values. Also, the fact that the 
relation between AE and normal sera concentration 
becomes parallel to the abscissa suggests that the 
influence of serum concentration on the potential 
change of the Ag/AgCl reference electrode is negli- 
gible, even though the latter is in direct contact with 
the sample solutions. It should also be pointed out 
here that although the Ag/AgCl electrode is by itself 
a chloride ion-selective electrode, unwanted shifts of 
the reference potential due to possible variations of 
chloride ion activity from one sample to another was 
strictly eliminated by use of saline buffers. As shown 
in Fig. 4, the potentials with positive sera change with 
dilution, levelling off at AE = 30 mV. The maximum 
potential change obtained in this case is somewhat 
smaller than that in Fig. 3. This may be due to 
inhibition of the lysis reaction, caused by an anti- 
complement component in human sera, the influence 
of which was carefully eliminated experimentally in 
the case of Fig. 3. 

Correlation with a standard method 

In an attempt to judge the present method for 
assaying anticardiolipin antibodies, a series of 
different seropositive syphilitic sera was examined 
both by the standard procedure (a standard semi- 
quantitative method, SST, see experimental section) 
and the present method. The results, which are 
correlated in Fig. 5, are mainly in good agreement. 
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With normal sera in which antibody activity is nega- 
tive, AE is only O-3 mV, whereas positive sera give an 
appreciable increase in AE with increasing titre 
values. It should be noted, however, that one point 
(marked with an asterisk) in Fig. 5 does not fit this 
correlation. The exact reason for this is not clear, but 
it may be attributed to some basic differences between 
the two methods; for instance, it is known that 
depending on the extent of syphilitic disease, corre- 
sponding antibodies in the sera change in com- 
position from IgM-rich to IgG-rich.6,7 It is also 
reported that in the complement-fixation reaction, 
IgM antibody can be detected more sensitively than 
IgG. In the ISE method, the leakage of marker ions 
is observed through the complement-mediated im- 
mune lysis of liposomes, whereas in the SST method 
the quantity of the antigen-antibody complex is 
directly measured. Also, it should be noted that the 
potential change for less sero-positive sera (titre 
values between 1: 1 and 1:4) is smaller than expected 
from the value in Fig. 4, where a lOO-fold dilution of 
a seropositive serum (titre, 1: 5 12) gives a AE value of 
14 mV. The crucial difference in these two cases is the 
extent of dilution of human sera; more dilution gives 
higher potential change, although the final titre 
values are the same. This is caused by an anti- 

complement reaction induced by unknown com- 
ponents in human sera. For preventing this anomaly, 
the procedure mentioned in the first section of the 
discussion is recommended. However, a simple 
&fold dilution of human samples rather than 
24fold is a more convenient trade-off. Greater 
sensitivity would be expected if single lamellar lipo- 
somes were used. 
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Summary-The polarographic behaviour of the bismuth complexes of the oxime, hydrazone and 
thiosemicarbazone of 2-benzoylpyridine has been studied by differential pulse polarography. The DeFord 
and Hume method, modified for use with quasi-reversible and irreversible processes, has been applied for 
the calculation of the formation constants of these chelates, which exhibit different degrees of reversibility 
in their electroreduction. 

We have studied the electroreduction of the azo- 
methine derivatives of 2-benzoylpyridine at the drop- 
ping mercury electrode, by d.c. polarography and 
differential pulse polarography.‘-3 We have also de- 
veloped a modification to the DeFord and Hume 
method that is applicable to quasi-reversible and 
irreversible systems, and have written three computer 
programs for calculation of complex-formation con- 
stants from the results obtained by the method.4 

In the present work we first made a photometric 
study of three of these reagents with 37 metal ions to 
detect which combinations gave complexes (Table 1), 
then a polarographic study to find which complexes 
gave reduction waves that were in the polaro- 
graphically useful region and not overlapped by the 
ligand reduction wave (Table 2). In this way we 
identified the systems suitable for study by DPP. 

A preliminary literature survey brought out the 
following points. 

(1) The ligands used in earlier studies have almost 
all been not reducible at the working potential. The 
others had a reduction potential more cathodic than 
that of the complex; otherwise the measurements 
necessary for calculation of the stability constants 
had to be made on the diffusion plateau for the 
ligand, with the consequent disadvantages of ligand 
adsorption on the electrode surface and the impos- 
sibility of obtaining constants other than that for the 
first complex, without determination of the free metal 
concentration. 

(2) The ligands were small, to minimize adsorption 
on the electrode, since adsorption effects on the value 
of the constants obtained are not clearly defined.5,6 

(3) The ligands had to be fairly soluble since the 
investigations were based on the effect of the ligand 

concentration on the reduction potential of the com- 

plex. 
(4) The choice of cations was limited to those 

giving reversible reduction. 
(5) Only three bismuth complexes had been stud- 

ied: those with EDTA,’ 5-methoxymethylquinolines 
and nitrilotriacetic acid.’ 

(6) DPP was very little used for this type of 

study.‘t’2 
In view of these features, the present research 

represents an important departure from previous 
practice. 

EXPERIMENTAL 

Apparatus 

A Metrohm E-505 polarograph and E-506 recorder sys- 
tem, with Ag/AgCl electrodes as reference and auxiliary 
electrodes, in conjunction with conventional dropping mer- 
cury and hanging drop electrodes. A Perkin-Elmer 575 
spectrophotometer with 1 .O-cm glass cells and an electronic 
thermostat. A Beckman 3500 pH-meter with combined 
calomel-glass electrode. 

Reagents 

Ethanolic solutions of 2-benzoylpyridine oxime (BPO) 
(0.05M) and 2-benzoylpyridine hydrazone (BPH) (O.lM) 
and a dimethylformamide solution of 2-benzoylpyridine 
thiosemicarbazone (BF’T) (0.05M). Aqueous solutions 
(1 .OM) of sodium perchlorate, potassium nitrate, potassium 
chlorate, potassium chloride and tetramethylammonium 
bromide were used as supporting electrolytes. 

Britton and Robinson buffers (pH l-12). Gelatine solu- 
tion (1%). 

Aqueous standardized Bi(III) solution (1000 ppm). More 
dilute solutions were prepared as required. All solvents were 
of analytical grade. 

Study of experimental variables 

Unless otherwise specified, the working conditions were 
as follows. 

379 
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Table 1. Reactions of the azomethine derivatives of 
2-benzoylpyridine 

BP0 BPT BPH 

Cation AMBAMBAMB 

Be(B) 

Ce(IV) 

Fe(B) 
Co(I1) 

Se(W) 

Ni(I1) 
Pd(I1) 
Cu(I1) 
Zn(I1) 
Cd(I1) 
Hg(II) 
Mn(I1) 
Sn(I1) 
Pb(I1) 
Mo(V1) 
W(W) 
u(irIj 
Cr(VI) 
MI) 
‘WI) 
Os(VII1) 
Fe(II1) 
Bi(II1) 
Sb(II1) 
As(II1) 
Cr(II1) 
La(II1) 
Al(II1) 
Au(II1) 
In(II1) 
Ti(IV) 
Zr(IV) 
Hf(IV) 
PQIV) 

313313323 
3 1 1144111 
I 1 1 1 1 1 2 1 1 
3 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 2 1 1 
1 1 1 1 1 1 1 1 1 
333331311 
3 3 3 3 3 4 3 3 3 
333324313 
313321333 
313313233 
3 4 3 3 3 3 3 3 3 

313323222 

313313311 
3 3 3 3 3 3 3 2 3 

3 3 3 3 3 3 3 3 3 

3 3 1 3 3 3 3 2 3 
222322122 
333344333 
3 3 3 3 3 3 3 3 3 
3 2 2 1 1 I 3 2 1 
3 1 3 1 I 1 2 1 1 
3 1 3 3 1 3 3 1 3 
3 1 3 3 1 3 3 3 3 
3 1 3 3 1 3 3 3 3 
3 3 3 3 3 3 3 2 3 
3 3 3 3 2 3 3 3 3 
3 3 3 3 3 3 3 3 3 
1 1 1334111 
3 3 3 3 1 I 3 3 3 
1 1 1 1 1 1 1 1 1 
2 1 1 3 1 1 3 I 1 
1 I 1 3 1 1 3 1 1 
3 2 3 3 1 1 3 2 2 

\- , 
Th(IV) 3 3 3 3 1 3 3 3 3 
V(V) 3 3 3 3 2 3 3 3 3 
As(V) 3 3 3 3 1 3 3 3 3 

Degree of reaction PH 
1, Positive A 2.0 
2. Slightly positive M 4.8 
3. Negative B 10.1 
4. Precipitate formation 

General conditions 

Initial potential 0.2 V 
Scan-rate 5 mV/sec 
Drop-time 0.6 set 
Rate of mercury flow 0.8083 mg/sec 
Pulse amplitude 50 mV 
Temperature 25” 
Height of mercury column 50 cm 

Special conditions 

Bi-BP0 Bi-BPH Bi-BPT 

Organic solvent, % 1.6 2.0 2.0 
[Bi(III)], M 3.0 x 1o-5 2.0 x 10-S 2.0 x 10-S 
[Ligand], M 1.6 x 1O-3 1.0 x 10-j 8.0 x 1O-4 

RESULTS AND DISCUSSION 

Influence of type and concentration of supporting 
electrolyte 

NaCIO,, KCIO, , KNO, , KC1 and Br(CH,)qN 
solutions covering the concentration range 

0.05-0.70M were used. The KC1 solution gives more 
reversible processes (smaller peak-width) for the 
Bi-BPH and Bi-BPT systems. For Bi-BPO, KNO, 
was used as supporting electrolyte because, although 
the peak-width is slightly greater than when KC1 is 
used, the peak is less overlapped by that for mercury 
oxidation and by the first reduction peak of the 
oxime. Since the fundamental parameters of DPP are 
not altered when the supporting electrolyte concen- 
tration is varied in the interval studied, a concen- 
tration of OSM was used for all further experiments, 
so that the electrode process remained the same 
throughout, and the migration current was constant. 

Effect of surfactants 

The reagents were examined in the concentration 
range 0.004-0.040°/0, and found to modify the revers- 
ibility of the processes, shifting the peak potential to 
more negative values and exponentially increasing the 
peak-width, W, with increasing concentration of sur- 
factant. 

Effect of pH 

The influence of pH in the range 1.9-12.0 on the 
fundamental parameters of the DPP technique is very 
different for each system, as shown in Table 3 and 
Fig. 1. We can offer no explanation for the 
fluctuations in W with pH, but they have been 
repeatedly observed. The effect seems too large to be 
explainable in terms of localized irreversible chemical 
changes occurring during the pH adjustment. The pH 
values chosen for subsequent experiments are also 
shown in Table 3. The number of protons exchanged 
per mole of complex was calculated on the assump- 
tion that the systems are mononuclear. 

Influence of temperature 

The interval 20-50” was examined for all three 
systems. Figure 2 shows the change in peak-current, 
Zp, and peak-width, W, as a function of temperature 
(T). Table 3 gives the equations of the straight lines 
Zp = f (T), the temperature coefficients, and the tem- 
peratures used for further experiments (chosen so 
that deviations would have minimum influence on the 
fundamental parameters and so that the reversibility 
of the processes would be maximal). At temperatures 
above 35” the Bi-BPT system shows anomalous 
behaviour, probably as a result of adsorption of the 
complex on the electrode surface. We have observed 
similar behaviour for the Co-BPT system.14 

Organic solvent 

The solvents used to increase the ligand solubility 
were ethanol (Bi-PBO and Bi-BPH systems) and 
dimethylformamide, DMF, (Bi-BPT system). Figure 
3 shows there was a decrease in Zr and an increase in 
W when the proportion of organic solvent in the test 
solution was increased. 
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Table 2. Polarographic behaviour of the metal chelates of azomethine derivatives of 2-benzoylpyridine 

Peak poteptial, V 

SPECIES 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 (V) CHARACTERISTICS 
L I 

A~(1111 

Bi(II1) 

CO(II) 

crc111j 

Cu(11) 

Fe(II) 

Fe(II1) 

Hf(IV) 

Irl(III) 

Mo(V1) 

Ni(I1) 

OS(VII1) 

Pd(I1) 

Pb(I1) 

Sb(II1) 

Sn(11) 

Ti(IV) 

Zrl(II) 

Zr (IV) 

2,4 

1 

2,3 

2,3 

2.4 

2 

5 

5 

1 

4 

2,3 

5 

5 

2 

1 

2 

5 

2,3 

5 

* 1. Well-defined peaks. 
2. Ill-defined peaks. 
3. Processes influenced by adsorption. 
4. Overlapped peaks. 
5. No processes. 

Height of mercury column (h) 

The variation of In I, with In h was linear, but the 
slopes were between 0.7 and 0.85 (Table 4). Since the 
life-time of the mercury drop is constant in pulse 

W(mV1 

90 

SO 

70 

60 

50 

40 

-E&V) 

0.4 

0.3 

0.2 

0.1 

0.0 

/ 
BPO-81 

d 

III III III III 

1 2 3 4 5 6 7 8 9 10 11 12 pH 

Fig. 1. Variation of W and E, with pH. 

polarography, a change in mercury head affects only 
the rate of mercury flow. 

Drop-time, pulse amplitude and scan-rate 

These parameters were studied to establish the 
working conditions for maximal reversibility of the 
electrode processes. 

In all cases I,, increases and EP becomes more 
positive when the drop-time t,, is increased, for all 
values of pulse amplitude (AE) and scan-rate (V), 
though the effect is higher for the Bi-BP0 system; In 
Ip is a linear function of In t, for all the systems (Table 
4). For the BCBPO and Bi-BPT systems, the slopes 
of the straight lines increase with the pulse amplitude, 
indicating diffusion-controlled processes. For the 
Bi-BPT system, the slopes at high pulse-amplitudes 
are greater than 2/3 because of adsorption effects 
under these working conditions. For the Bi-BPH 
system the slopes go through a maximum. The W 
values decrease with increasing td (AE and V kept 
constant), which indicates greater reversibility of 
these processes when the drop life-time is increased. 
The W value that corresponds to a reversible three- 
electron process is not attained for any working 
conditions, although for the Bi-BPT system W is very 
close to this theoretical value when the pulse ampli- 
tude is small. The plot of E, vs. In t,, is nearly linear 
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Table 3. Study of the experimental variables for the Bi-azomethine systems 

Parameter System Equation Working conditions 

Ep> V BP&Bi = 
BP@Bi = - 
BP@Bi = 
BPH-Bi = 
BPT-Bi = 

&PA BPO-Bi = 
BPH-Bi = 
BPT-Bi = 

0.193, - 0.0832 pH 
.0.040, - 0.0329 pH 
0.370, - 0.0690 pH 
0.109, - 0.0449 pH 
0.020, - 0.0546 pH 

0.0999 + 0.0021 T* 
0.0658 + 0.0024 T* 
0.2181+ 0.0024 T’ 

pH-range 1.90-4.71 
pH-range 4.71-6.99 
pH-range 8.9cl2.02 
pH-range 3.01-5.91 
pH-range 1.88-4.90 

pH = 3.45 

pH = 4.00 
pH = 3.36 

T = 30.0” 
T = 22.0 
T = 25.0 

*T = temperature, “C. 
t/?O = temperature coefficient. 

for the Bi-BP0 system, but not for the others, which 
shows a higher degree of reversibility for these two 

values, and a plot of Zp vs. (0 - l)/(o + 1) [where 
0 = exp(2nF/RTdE)] for the Bi-BPT system is lin- 

systems. ear, corroborating the reversibility of the electrode 
Increasing AE, with t, and V kept constant, results process,15 but the plots for the other two systems are 

in increase in Zp and a shift of Ep to more negative non-linear (Fig. 4). 

W(mV1 
BPO-Bi 

70 

I/ 
BPH-BI 

+,.hyw& 

..J”- 

I&LA) 

BPO-Bi 

o’2 -# 

0.1 - 

WlmVl 

$+A, 

0.3 

\ 

I I I I 
I I I I 10 20 

20 30 40 50 oc 
30 Organic 

solvent 1%) 

Fig. 2. Influence of temperature on W and Ip. Fig. 3. Influence of the concentration of organic solvent. 

Table 4. Study of the instrumental variables for the Bi-azomethine systems 

Equation 

BPO-Bi In Ip = - 5.2300 + 0.7984 In h 
BPH-Bi 
BPT-Bi 

In Ip = -4.9287 + 0.7063 In h 
In Ip = -4.1652 + 0.8480 In h 

In I, = =3.5191 + 0.3751 In t 

BPO-Bi 

t 

In Zp = -2.4660 + 0.5214 In t 
InI,= -2.1867f0.5764lnt 
In Ip = - 1.1999 + 0.6269 In t 

( 
In Zp = -3.2150 + 0.5999 In t 

BPH-Bi In Zp = -2.4103 + 0.6930 In t 
lnZ,= -2.1653+0.6047lnt 
In I, = - 1.9426 + 0.5920 In t 

1 
In Ip = -2.4092 + 0.6582 In t 

BPT-Bi In Ip = - 1.469 1 + 0.8456 In t 
InI,= -1.1552+0.9022lnt 
In Zp = -0.8340 + 0.9870 In t 

*I, in PA, h in cm, t in sec. 

Correlation, r * Pulse, m V 

0.9943 -50 
0.9973 -50 
0.9982 -50 

0.9822 -10 
0.9888 -25 
0.9950 -35 
0.9978 -50 

0.9853 -10 
0.9930 -25 
0.9958 -35 
0.9927 -50 

0.9893 -10 
0.9967 -25 
0.9991 -35 
0.9991 -50 
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Z&A) 
/ 

Fig. 4. Reversibility of the electrochemical processes for the 
Bi-azomethine systems. 

If the potential scan-rate is decreased, with AE and 
td kept constant, Ep shifts to less negative values, Z, 
increases and W decreases. 

Metal ion concentration and stoichiometry 

The range of concentration for this study was 
limited by the solubility of the ligands and by the 
acidic character of Bi(III), which promotes its pre- 
cipitation as hydroxide when it is not complexed. 
The ligand concentration was kept constant and the 
cation concentration varied as follows. 

system [Ligand], 10e4M [Bi(III)], 10w5M 
Bi-BP0 1.0 2.0-20.0 
Bi-BPH 1.0 1.5-20.0 
Bi-BPT 1.0 1.948.0 

E, and Ware practically independent of the cation 
concentration in the Bi-BP0 and Bi-BPH systems, 
but not in the Bi-BPT system. Plots of Z, against 
[ligand]/[Bi(III)] ratio, Fig. 5, allow the deduction of 
the stoichiometry of the complexes formed under 
these conditions. 

For the Bi-BP0 and Bi-BPH systems the 
ligand-bismuth ratio is 1.5, which could correspond 
to a 3:2 stoichiometry, but the existence of such a 
complex is unlikely, in view of the scant tendency of 
bismuth to form polynuclear complexes, and the 
restrictive conditions for the existence of these sys- 
tems. It is much more probable that this ratio is due 
to the formation of two complexes (1: 1 and 2: 1) that 
predominate in the concentration range used for the 
study. 

The plot for the Bi-BPT system clearly indicates a 
2: 1 complex. 

E#ect of ligand concentration and calculation of 
stability constants 

Table 5 gives the data for this study. The low 
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Fig. 5. Stoichiometries of the Bi-azomethine systems. 

solubility of the ligands permits their concentration 
to be varied over only a very narrow range, so the 
change in reduction potential is small; it is also a 
function of the stability constant of the complex and 
this explains why the BPH system gives the smallest 
shift although it is the most soluble of the reagents, 
and the least soluble (BPT) gives the biggest shift. 

The bismuth concentration was fixed at 
2.0 x 10mSM, the drop-time at 1.2 set, pulse ampli- 
tude at 25 mV and the scan-rate potential at 2.5 
mV/sec. The other conditions were as follows. 

Bi-BP0 Bi-BPH Bi-BPT 
PH 3.45 4.00 3.36 
Temperature, “C 30.0 22.0 25.0 
Organic solvent, % 5 6 3 

The data in Table 5 were treated in the following 
way. The peak-potential values were obtained by 
means of the program FO(I)4 which applies the 
weighted least-squares method to the equation of the 
Tomes lines for a.c. polarography and DPP.13 By 
means of this program the intensity and potential 
measurements for each peak are weighted by a factor, 
wi, given by: 

Wi= 
4z,z:(z, - ZJ 

z; + z: 

where Z, is the peak current and Zi the current at the 
ith potential. The currents were directly measured on 
the polarograms. The program also calculated the 
number of electrons involved in the electrode process 
and the values of the FO term in the DeFord and 
Hume equation and of the corresponding term Fl in 
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Table 5. Influence of the ligand concentration on the Bi-azomethine systems 

System [Ligand], mM I,. mA -ED, mV FO na Fl 

BPO-Bi 0.0 90.0 96.9 1 .oo 1.47 1.00 
0.4 87.0 101.4 1.73 1.38 1.52 
0.8 76.0 108.9 4.70 1.29 2.88 
1.2 74.0 112.6 7.38 1.30 3.51 
1.6 78.0 113.6 7.85 1.26 3.64 
2.0 77.0 117.0 11.76 1.27 4.31 
2.4 72.0 118.1 14.26 1.23 5.03 
2.8 68.5 120.5 19.75 1.19 6.09 
3.2 72.5 122.5 23.48 1.21 6.22 
4.4 64.7 129.3 57.4 1.10 9.98 
4.8 66.5 130.8 66.4 1.15 10.17 

BPH-Bi 0.0 133.5 82.9 1.000 2.65 1.000 
2.0 183.8 86.3 1.085 2.63 1.048 
2.6 183.8 86.4 1.098 2.60 1.079 
3.2 181.5 86.5 1.125 2.61 1.097 
3.8 186.5 86.9 1.147 2.59 1.126 
4.4 179.9 86.7 1.162 2.62 1.123 
5.0 179.0 87.2 1.239 2.61 1.195 
6.0 183.8 88.0 1.326 2.64 1.243 

BPT-Bi 0.0 168.0 
0.16 258.0 
0.32 267.0 
0.48 170.0 
0.64 132.0 
0.80 125.0 
0.96 118.0 
1.12 113.0 

158.1 1.00 2.46 1.00 
168.1 2.09 3.00 1.42 
174.2 4.12 2.77 2.85 
189.3 37.76 1.92 15.05 
202.8 235.2 1.93 53.7 
293.4 266.4 1.95 60.6 
211.6 735.0 2.13 152.6 
218.8 1780.0 2.27 364.1 

our modification of the DeFord and Hume method 
for use with quasi-reversible and irreversible systems4 

FO = exp[$$lE,,,] + In F = 2 &,r,C’, 
dC /=O 

=l+~,c,+~2Ct+...+BNCEj (1) 

pa’, i(w)0 

Fl=PM exp (Ep, - Epc)(na),F 
I PC RT 1 

=~~nr~,c~=1+B,CL+82c:+...+Bwc~ (2) 
j=O 

As can be observed in Table 5, the FO values are 
higher than the Fl values, because the theoretical 
value of 3 for the number of electrons involved 
(considered in FO) is never attained by the product 
ncc. On the other hand the variation of FO with ligand 
concentration is higher than that for F 1, which means 
in practice that the coefficients of the C, polynomial 
(stability constants of the complexes) are smaller than 
those calculated when the theoretical number of 
electrons is considered; moreover, the constants that 
correspond to lower stoichiometries have a greater 
weight (which is shown graphically by smaller slopes 
for the curves). 

Three computer methods were used for solving 
equations (1) and (2) for determination of the for- 
mation constants. They are described here only 
briefly, since a detailed description has been given 
elsewhere.4 

The programs GIP(I1) (Gauss iteration program) 
and FOW (FO weighted) are based on application of 
the method of weighted least-squares to equations (1) 

and (2). GIP linearizes the equations by approxi- 
mative and initially estimative values of the con- 
stants; these values are called @, and are refined by 
an iterative method until a preselected convergence 
criterion is satisfied. FOW directly linearizes equa- 
tions (1) and (2) by minimizing the errors through 
weighting the FO and Fl values by the factor wi, 
given by: 

w, = l/[FO(i)12 

where [FO(i)]’ is the value obtained for the first 
member of the DeFord and Hume equation (or our 
equation), from the ith experiment. 

,The third program, MSE (minimal sum of errors) 
is based on a numerical approximation method which 
gives the values of the stability constants which 
minimize the difference between the experimental and 
theoretical values of FO and Fl. 

The results are given in Table 6 and the following 
comments may be made. 

Bi-BP0 system 

Similar values for the stability constants are ob- 
tained by all three programs. When the theoretical 
number of electrons is considered [equation(l)], only 
one formation constant is obtained, corresponding to 
1: 2 cation-ligand stoichiometry. Application of our 
proposed modification to the DeFord and Hume 
method gives significant values of p, , as well as of p2, 
which is in agreement with the stoichiometry shown 
in Fig. 5 (1: 1.5), and with the molar fraction of the 
1: 1 and 1:2 complexes, obtained for each ligand 
concentration by the MSE program. 
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Table 6. Formation constants for the Bi-azomethine systems 

System Program 8, P* 

Original method 
BPO-Bi GIP II 0 (27.4 + 0.8) x lo5 

FOW 0 (26.6 + 1.30) x lo5 
M.S.W. 0 (28.7 + 0.1) x lo5 

Modified method 
GIP II (15.4 f 1.7) x 102 (83.0 f 44.4) x lo3 
FOW (16.2 f 1.7) x lo* (59.8 f 45.3) x 10’ 
MSE (16.8 + 0.1) x lo* (49.8 * 0.1) x 10’ 

BPH-Bi GIP II 20.4 + 16.2 
FOW 21.0 f 6.2 
M.S.E. 24.0 f 1.0 

GIP II 16.4 f 8.5 
FOW 16.5 k 5.1 
M.S.E. 18.0 k 1.0 

BPT-Bi GIP II 
FOW 
M.S.E. 

0 
0 
0 

Original method 
(49.2 f 33.8) x lo* 
(47.7 + 13.0) x 102 
(47.6 k 0.1) x lo2 

ModQied method 
(37.7 * 17.7) x 102 
(37.4 + 10.8) x lo* 
(37.5 * 0.1) x 102 

Original method 
(9.2 f 1.80) x lo8 
(4.1 * 0.30 x 108 

(8.67 + 0.01) x lo* 

GIP II 
FOW 
M.S.E. 

0 
0 
0 

Mod$ed method 
(2.0 + 0.3) x 108 
(1.3 * 0.1) x 10s 

(1.79 + 0.01) x 108 

A value of zero was obtained throughout for B3 

Bi-BPH system 

Both the DeFord and Hume method and ours give 
significant values of /I, and /I*, in total agreement 
with the stoichiometry found and the molar fraction 
values calculated by using the MSE program. The 
constants are lower than those for Bi-BP0 system, 
and the uncertainty in the values is therefore higher. 

Bi-BPT system 

Both methods gave only one significant value, for 
the constant corresponding to 1:2 cation-ligand stoi- 
chiometry. The relative errors are of the order of 
lo%, which is reasonable in view of the characteristics 
of the system. 

CONCLUSIONS 

The study of the effect of the cation concentration 
is important, since it provides information about the 
types of complex formed; the number and degree of 
the possible constants are necessary input data for the 
programs. 

In none of the systems is a stoichiometry greater 
than 1:2 observed. In the absence of the ligand the 
Bi(II1) begins to form hydroxo-complexes at a pH 
close to zero; hence the EPM values are not the same 
for the three systems, since each is examined at a 
different pH. 

The three systems studied show a variable degree 
of reversibility as a function of the ligand concen- 
tration; that is why the DeFord and Hume method 

is not really suitable, as is demonstrated by its failure 
to detect some of the complexes that are experi- 
mentally shown to be present (in the study of the 
effect of cation concentration). These complexes are 
detected, however, by use of our modification. 

The MSE program gives smallest uncertainty in the 
constants, and is the one recommended. 
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Summary-A new approach for background-current subtraction for flow-injection systems using 
potential-scanning voltammetric detection is described. The method is based on recording voltam- 
perograms while the sample and carrier solutions flow through the cell, and taking the difference as the 
net response for the sample. Background currents due to hydrogen evolution, oxygen reduction, solvent 
oxidation or surface processes are thus compensated, and detection limits at submicromolar levels can 
be obtained. The compensation for oxygen reduction current means that samples do not need to be 
deaerated. The method has been evaluated for reproducibility, concentration dependence, detection limit, 
etc. A flow-cell with a stationary disk electrode, a 200~yl sample volume, and rapid differential pulse 
scanning are used. At a flow-rate of 0.3 ml/min about 15 samples can be assayed per hour. Chlor- 
promazine, phenol, acetaminophen, norepinephrine, lead, cadmium, bismuth and zinc were used as test 
species. 

Flow-injection analysis (FIA) is a versatile and fast 
method of automated analysis, based on the injection 
of reproducible sample volumes into a continuously 
flowing carrier stream. 1,2 The use of electrochemical 
transducers as detectors in FIA is growing rapidly.’ 
Most electrochemical transducers utilize constant- 
potential amperometric detection, mainly because of 
its inherent sensitivity. The increasing demand for 
improved selectivity and multi-component deter- 
minations in flow-injection systems has resulted in the 
incorporation of dynamic voltammetric detection 
based on rapid potential scanning.4S5 A voltam- 
perogram recorded during passage of the sample plug 
through the detector gives instantaneous electro- 
analytical data. Thus, the resolution of voltammetry 
adds selectivity to flow-injection systems, the peak 
potentials serving for identification. However, there is 
a loss in sensitivity as a result of background currents 
associated with the potential scan. 

This paper reports a subtractive approach for 
background-current correction in FIA with voltam- 
metric detection. Subtractive techniques, based on 
subtracting the blank voltamperogram from the sam- 
ple response, have been applied in anodic-stripping 
voltamrnetry6,’ and conventional a.c. polarography.* 
The flow manifold of FIA systems can easily be 
exploited to obtain a subtractive response. By sub- 
traction of the voltamperogram for the carrier stream 
from that for the sample plug, a net signal for the 
analyte can be obtained, free from background effects 
(provided that the background electrolyte content of 
the sample matches that of the carrier). Two systems 
can be used: (1) placing two “identical” working 

*Author for correspondence. 

electrodes before and after the injection port, and 
subtracting the carrier response from that of the 
sample plug; (2) using a single working electrode, and 
recording the “background” and “sample” voltam- 
perograms while the carrier and sample plugs, re- 
spectively, flow through the cell. The second option 
seems the more promising, since it eliminates prob- 
lems associated with matching two electrodes and the 
need for an additional polarograph. The character- 
istics and applications of this procedure are described 
below. 

Apparatus 
EXPERIMENTAL 

The flow-injection system consisted of carrier and sample 
reservoirs (400-ml Nalgene beakers), a Model BP-SY FM1 
reciprocating piston pump (Fluid Metering, Inc.), a Bhe- 
odyne Model 7010 injection valve with a 2OOql sample 
loop, and the electrochemical detector. All connections were 
made with OS-mm bore Teflon tubing and fittings (Pierce 
Chemical Co.). The tubing connecting the valve to the 
detector was 8 cm long. 

The electrochemical detector has already been described.5 
A solution flow channel was drilled through the Plexiglas 
body. Various 3-mm diameter disk working electrodes were 
employed, including mercury-coated glassy carbon, bare 
glassy-carbon and carbon paste. The- AgjAgCl reference 
electrode (Model RE-1. Bioanalvtical Svstems) ioined the 
working-electrode compartment-close to the ‘f&e of the 
working electrode.’ The carbon-rod auxiliary electrode 
dipped into the solution in the outlet channel. All mea- 
surements were made with a Sargent-Welch Model 4001 
polarograph. 

Reagents 

Millimolar stock solutions of phenol, acetaminophen and 
norepinephrine were made up fresh each day. Standard 
bismuth and zinc solutions were stored in polyethylene 
containers. Supporting electrolytes were O.OSM phosphate 
buffer and O.lM potassium nitrate. Other chemicals and 
reagents used have already been described.9*‘0 

387 
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Procedure 

The carrier solution was pumped continuously at con- 
stant rate (usually in the range 0.24.4 ml/min). After 
gravity filling of the injection loop with sample, the valve 
was turned into the injection position. Rapid (l-2 Vjmin) 
differential pulse scans were initiated 1 HO and 120-l 50 set 
after the injection, to record the “sample” and “back- 
ground” voltamperograms, respectively. The optimum 
times for initiating the potential scans depend upon the 
experimental conditions and the species measured, as will be 
described later. For measurements in the cathodic region, 
the glassy-carbon electrode was coated with a mercury film 
by passing 5 x lo-‘M mercury(II) in the carrier solution 
through the detector at a rate of 0.2 ml/min for 20 min, with 
a potential of -0.8 V imposed on the working electrode; a 
gravity flow was used in these cathodic experiments. The 
subtractive voltamperograms were obtained by using a 
time-sharing computer as described previously.” 

RESULTS AND DISCUSSION 

Though the differential pulse waveform effectively 
corrects for the non-faradaic charging current, vari- 
ous faradaic background currents remain and limit 
the detection power. The subtractive mode corrects 
for these background currents, and was first tested 
with single-species systems. Figure 1 shows FIA 
voltamperograms for various species, recorded in the 
conventional way and also after background-current 
subtraction. The species were chosen to illustrate 
compensation of background currents from different 
sources: zinc (hydrogen evolution and reduction of 
oxygen); chlorpromazine and phenol (oxidation of 

water and redox reactions of the carbon surface 
functional groups); bismuth (reduction of oxygen). 
Well-shaped and easily measured peaks, with rela- 
tively flat base-lines, are obtained in the subtractive 
mode. Correction for oxygen reduction (curves C and 
D) is of special interest because removal of oxygen 
from small volumes of injected solutions requires a 
relatively cumbersome procedure,” and is not 
effective if the flow analyser is constructed from 
Teflon tubing, which is readily permeated by oxygen. 
All the data reported in this paper were obtained with 
samples that had not been deaerated. 

For effective background-subtraction, however, 
careful matching of the electrolyte content and pH of 
the sample and carrier solutions is essential. For 
example, for background currents that are pH- 
dependent (e.g., hydrogen evolution, oxygen reduc- 
tion) solutions of different pH would yield incom- 
pletely corrected base-lines. Partial matching of the 
sample and carrier solutions (especially when real 
samples are concerned) can be done by diluting the 
sample with the carrier (supporting electrolyte) solu- 
tion, or by adding to the carrier some of the sample 
macro constituents; if matching is essential but in- 
complete, the base-line will not be flat. 

Because of the dispersion process in FIA systems, 
careful and reproducible timing is required for 
recording the two voltamperograms, so that the 
appropriate solution is in the detector. For this, exact 
knowledge of the concentration profile of the sample 

A 

b 

I I 1 I I I 

0.6 06 0.4 0.6 0.6 0.4 0.0 -0.2 -0.4 -1.0 -4.2 -1.4 

C 

E (VI 

Fig. 1. FIA/differential pulse measurements of 5 x 10m5M phenol (A), 5.2 x 10e5M chlorpromazine (B), 
3.6 x 10m5M bismuth (C), and 1 x 10W4M zinc (D). (a) “Analytical” (sample) curve; (b) “background” 
(carrier) curve, (c) the subtractive response, (a) - (b). Differential pulse scan-rate, 2 (A, B, D) and 1 (C) 
V/min; amplitude, 50 mV; repetition time, 0.5 sec. Carrier and supporting electrolyte, 0.05M phosphate 
buffer (A, B), O.lM KNO, (C, D). Electrodes, carbon paste (A, B), mercury-coated glassy carbon (C, D). 

Flow-rate, 0.3 (A, B, C) and 0.5 (D) ml/min. 
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Fig. 2. Comparison of voltammetric (a+) and subtractive voltammetric (f-j) response obtained after 
injections of lead solutions of increasing concentrations: (a, f) 5.0 x 10e6M, (b, g) 1.0 x 10m5M, (c, h) 
1.5 x 10W5M, (d, i) 2.0 x 10v5M, and (e, j) 2.5 x lo-‘M. Carrier and supporting electrolyte, O.lM KNO,. 

Electrode, mercury-coated glassy carbon. Differential pulse ramp and flow-rate as for Fig. 1C. 

zone is required; this is usually obtained by pre- 
liminary measurement of the current-time profile or 
by initiating the potential scan at different times after 
sample injection. To allow scanning of a 1.0-V poten- 
tial region during passage of the peak concentration 
sample zone (60-100% of the concentration max- 
imum) through the detector, a flow-rate of 0.2 ml/min 
and a scan-rate of 2 V/min were used.5 Obviously, 
when mixtures of species with different redox poten- 
tials are analysed, some species are measured before 
and some after their concentration peak has passed 
the detector. To minimize carry-over, the “back- 
ground” voltamperogram must not be initiated ear- 
lier than 120 set after sample injection. For analytes 
that interact (by adsorption or extraction) with the 
electrode surface, e.g., chlorpromazine [Fig. l(B)], 
longer delay times are required to ensure removal of 
these surface species. As a compromise between 
sensitivity and speed, a delay time of 150 set has been 
used for such species, resulting in a partial loss of the 
analytical signal (as the peak for residual chlor- 
promazine, shown in the “background” response, is 
subtracted from that of the “analytical” one). The 
influence of the experimental variables affecting the 
voltammetric scan and the dispersion of the sample 
plug has been discussed elsewhere in detail.5 

Figure 2 compares voltamperograms recorded in 
the conventional and subtractive modes for lead 
solutions of increasing concentration. The con- 

ventional current peaks are affected by the back- 
ground current, associated mainly with oxygen re- 
duction, whereas well-defined peaks and a horizontal 
base-line are obtained in the subtractive mode. The 
peak currents in the subtractive mode are propor- 
tional to the lead concentration (least-squares anal- 
ysis yields a slope of 0.12 PA. 1. p mole-’ (correlation 
coefficient 0.9997, intercept -0.16 PA). Similar cali- 
bration experiments for cadmium, zinc and dopamine 
(concentration ranges 10-50, lo&200 and 50-125 
PM, respectively) also yielded linear plots. From the 
signal-to-background characteristics of the response 
[Fig. 2(f)] the detection limit for lead would be near 
5 x lo-‘M (corresponding to 20 ng in the volume 
injected). 

The precision of the method was estimated by 
repeated injection of 2.5 x 10m5M lead (conditions as 
in Fig. 2). The mean peak current was 2.78 PA, range 
2.77-2.80 PA, relative standard deviation 0.4% (7 
replicates). 

Figure 3c illustrates application of the method to 
analysis of mixtures. The bismuth, lead, cadmium 
and zinc mixture (micromolar concentrations) yields 
well-defined and separated peaks, over a relatively 
flat base-line. Comparison with the conventional 
voltamperogram (curve a) shows the superiority of 
the subtractive mode, especially for zinc and bismuth. 
Similar improvement was obtained for a mixture of 
oxidizable species: 5 x lo-‘M norepinephrine, ace- 
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Fig. 3. Response for the injection of a sample mixture 
(2 x 10e5M bismuth, lead and cadmium and 5 x IO-‘M 
zinc). (a) “Analytical” curve; (b) “background” curve; (c) 
the subtractive response, (a) - (b). Differential pulse ramp, 
flow-rate, working electrode, and supporting electrolyte as 

for Fig. IC; scan-rate 2 V/min. 

taminophen and chlorpromazine. Depending on the 
peak potentials and peak half-widths of the sample 
components, up to 6 species can be measured in one 
injection. 

These results confirm the utility of the approach. 
The method is applicable to other dynamic FIA 
detection modes, e.g., scanning spectroscopy. The 
approach may also be used with segmented flow 
systems. Because of the time required to record the 
voltamperograms, the method has a slower injection 
rate (about 15 samples per hour) than FIA with 
amperometric detection, but this is offset by the 
multi-component detection capability. Higher injec- 
tion rates could be achieved by using faster potential 
pulse techniques, e.g., rapid square-wave voltam- 
metry,12 and by recording the “background” voltam- 
perogram at given time intervals (e.g., every 30 min) 
rather than after each injection (or at the beginning 
of a series of injections). As in all FIA studies, highly 
reproducible timing is essential. An extension of this 
methodology toward subtractive anodic stripping 
voltammetry, with depositions during the passage of 
the sample and carrier solutions through the detector, 
has been accomplished recently in our laboratory.‘3 
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Summary-The nitrite is used to diazotize o-nitroaniline and the o-nitrophenyldiazonium chloride formed 
is coupled with N-( I-naphthyl)ethylenediamine dihydrochloride. The red-violet dye (absorption maxima 
at 545 nm) is stable and extractable into isoamyl alcohol. Beer’s law is obeyed in the range 0.14.6 ppm 
nitrite in the original sample if the aqueous system is measured, and 0.0254.15 ppm in the sample if 
extraction is used. The molar absorptivity is 6.04 x lo4 l.mole-’ .cn-‘. 

Industrial effluents and the nitrogen cycle add to 
contamination of the environment with nitrite. Ni- 
trite is undesirable in water owing to its toxicity.‘,* 
The maximum permissible in potable water is fixed by 
the U.S. Public Health Service at 0.06ppm.3 

Most spectrophotometric methods for deter- 
mination of nitrite in water and waste water are based 
on the Griess-Ilosvay reaction4F5 and some include 
use of solvent extraction to enhance the sensitivity.6s7 
Here we introduce o-nitroaniline as the substrate for 
diazotization. The o-nitrophenyldiazonium chloride 
formed is coupled with N-( 1 -naphthyl)ethyl- 
enediamine dihydrochloride in acid medium to give a 
red-violet dye (absorption maxima at 545 nm), ex- 
tractable into isoamyl alcohol. The molar absorp- 
tivity is 6.04 x lo4 l.mole-’ .cm-‘. The method is 
more sensitive than some recently reported meth- 
ods.8-’ ’ 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical-reagent grade. 
Standard 1000 pgglml nitrite solution. Prepared in de- 

aerated doubly distilled water from reagent dried for 4 hr at 
1 lo”, and standardized;r2 a small amount of chloroform was 
added as stabilizer. A I-pg/ml working standard was pre- 
pared by dilution with deaeratecl, doubly distilled water. 

o-Nitroaniline solution, 0.001 M. Prepared in 20% aqueous 
ethanol from a twice recrystallized commercial reagent. 

N-( I-Naphthyl)ethylenediamine dihydrochloride solution, 
0.1%. 

Solutions of foreign ions were prepared according to 
West.13 

Procedure 

To a known volume of water sample (containing 2.515 
pg of nitrite) in a 25-ml standard flask, add 1 ml of 
o-nitroaniline solution and adjust to 1M hydrochloric acid 
concentration. Shake the flask occasionally during the next 
2 min to ensure complete diazotization. Add any masking 
agent needed and 2 ml of NEDA solution, and make up to 
the mark with 5M hydrochloric acid. Measure the absorb- 
ance at 545 nm against distilled water after 5 min. Prepare 

*Senior author, to whom correspondence should be ad- 
dressed. 

a calibration graph for 2.515 pg of nitrite in a similar 
manner. 

Solvent extraction 

Place a known volume of sample (up to 100 ml, contain- 
ing 2.515 pg of nitrite) in a 250-ml separatory funnel and 
form the red-violet dye as described above, except that the 
final acidity is adjusted to 2.5M hydrochloric acid. Extract 
the dye with two IO-ml portions of isoamyl alcohol, dry the 
combined extracts with anhydrous sodium sulphate and 
dilute to volume in a 25-ml standard flask with the solvent. 
Measure the absorbance at 545 nm against a reagent blank 
similarly treated. Prepare a calibration graph by treating 
standards in a similar manner. 

RESULTS AND DISCUSSION 

The absorption spectrum of the red-violet dye 
shows maximum absorption at 545 nm. Under the 
recommended conditions the dye is stable for up to 
20 hr, and the absorbance varies by not more than 2% 
over a period of up to 30 hr. 

Reaction conditions 

The effect of acidity on the diazotization was 
studied. A hydrochloric acid concentration of at least 
1M was found necessary for complete diazotization; 
a 16M acidity range gave constant absorbance. 
Constant absorbance values were obtained for diazo- 
tization reaction times from 1 to 90 min, and the 
minimum time for the coupling reaction was found to 
be 2 min. 

The effects of varying the molar ratio of o- 
nitroaniline (ONA) and NEDA to nitrite were exam- 
ined. For ONA and nitrite, the absorbance was 
constant for 0NA:NO; molar ratios 2 1: 1. Simi- 
larly maximum absorbance was obtained with 
NEDA:NO; ratios 2 10: 1. 

Analytical characteristics 

The colour system was found to obey Beer’s law in 
the range 2.5-15 pg of nitrite per 25 ml of initial 
aqueous sample for the direct procedure, and 2.5-15 
pg per 100 ml of sample when the extraction pro- 
cedure was used. The molar absorptivity was found 
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Table 1. Effect of diverse species on determination of 0.1 ppm of nitrite 
(100 ml of solution. extraction method) 

Tolerance limit, 

ppm Species 

800 
150 

100 

50 
40 
10 
2 

SO;-, NO;, PO:-, HCO;, SiO:- 
Mg*+, Ca*+, Sr*+, Ba*+, Zr4+, Co?+, 
Zn2+, Cd*+, Hg*+, Pb*+ 
Li+, Be*+, Cr3+, Mo(VI), W(VI), Ni*+, 
Sb3+, Bi3+*, Se(IV), Te(IV), F-, Br- 
Fe’+* 
I-t, aniline, HCHO, phenol 
sq-s, SO*§ 

cll*+ 

*Masked with 1 ml of 10% sodium potassium tartrate solution. 
tMasked with 1 ml of 10% tetrachloromercurate solution. 
§Masked with H,O,. 

to be 6.04 x lo4 l.mole-‘.cm-’ for both systems. The 
reproducibility was studied by replicate analysis of a 
standard nitrite solution over a period of 7 days. The 
relative standard deviation was found to be 1.1% and 
1.5% for the direct and extraction procedures re- 
spectively. 

Effect of foreign species 

Since the method was developed mainly for the 
analysis of water samples, the effects of foreign 
species at the levels commonly present in tap water, 
river water and tank water were studied. The toler- 
ance limits shown in Table 1 are the concentrations 
of foreign species that cause ~2% error in the 
determination of 0.1 ppm of nitrite by the extraction 
method (lOO-ml samples). Cu(II), Fe(I1) and SO* 
interfere but the interference of up to 100 ppm of SO, 
can be eliminated by oxidizing it to sulphate with 
hydrogen peroxide. Bismuth and Fe(II1) require 
masking with tartrate. 

Solvent extraction 

The limit of detection can be lowered by employing 
solvent extraction. Of the solvents tested, isoamyl 
alcohol was found the best. The molar absorptivity 
was lower when higher alcohols such as hexanol and 
octanol were used, and the dye was unstable in 
chloroform. Extraction was incomplete with benzene, 
dichlorobenzene or carbon tetrachloride. By use of a 
large sample (100 ml) and extraction of the dye into 
isoamyl alcohol, very low concentrations of nitrite 
(0.025 pgg/ml) can be determined. 

Application to polluted waters and soil 

Samples were collected in wide-mouthed plastic 
vessels at different points upstream and downstream 
from the source of industrial effluents. Samples of 
potable water were collected from different tanks. 
Mercuric chloride (4 mg per 100 ml of sample) was 
used for preservation and samples were frozen at 0” 
within 1 hr of sampling. Samples were filtered 
through a Whatman No. 41 paper before analysis. 

Soil samples of manured garden soil, farmland soil 
and roadside soil were taken. Each sample was 
broken up into lumps, and a 5-g portion dried at 55” 
in an oven for 12-16 hr. The heating stops further 
changes.14 The dried sample was ground, passed 
through a 2-mm mesh sieve and transferred to a 
Whatman No. 50 filter paper on a Buchner funnel. 
Sufficient water (containing 1 or 2 drops of concen- 
trated sulphuric acid) was poured on to soak the soil 
completely. After a few minutes gentle suction was 
applied and the soil was washed with doubly distilled 
water until about 250 ml of filtrate had been col- 
lected. The filtrate was made up to a standard volume 
and aliquots were analysed. 

Two sets of experiments were performed to check 
the validity of the method. In the first set, the volume 
of test solution was varied and the absorbance was 
plotted vs. volume taken. For all the samples linear 
plots were obtained, which could be extrapolated to 
the same point as that obtained for demineralized 
water; this indicates that the determination was quan- 
titative. In the second set, recovery of nitrite was 
checked by adding various amounts of nitrite to a 

Table 2. Tap water analysis (means of five analyses, lo-ml samples) 

Present method Standard method 

Nitrite 

Nitrite added, Nitrite found, Recovery, found, Recovery, 

pgl25 ml ngl.25 ml % pgl2.5 ml % 

2.5 2.50 100.00 2.51 loo.4 

5.0 4.95 98.8 5.00 100.0 
1.5 7.49 99.9 7.45 99.3 

10.0 10.00 100.0 10.00 100.0 

12.5 12.45 99.6 12.51 100.1 

15.0 15.00 100.00 15.00 100.0 



Table 3. Tank water analysis by the 
standard addition method (means 

of five analyses, lo-ml samples) 

Nitrite found, pgg/25 ml 

Present 
Sample method 

1 0.22 
2 0.12 
3 0.00 
4 0.13 
5 0.18 
6 0.20 
7 0.00 

Standard 
method 

0.21 
0.12 
0.00 
0.14 
0.18 
0.20 

Table 4. River water analysis* 

Nitrite found, ppm 
Present methodt Standard method6 
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0.24 
0.37 
0.65 
0.71 
0.36 
0.78 
0.52 
0.79 
0.82 

0.23 
0.38 
0.65 
0.71 
0.35 
0.78 
0.52 
0.80 
0.81 

0.72 0.72 
0.66 0.64 
0.98 0.97 

*Kharoon river water was sampled: the 
first six samples are from upstream and 
the second six from downstream of the 
source of effluent. 

tA 5-ml sample was diluted to lOOm1 
prior to the determination, as the sam- 
ples contained a high concentration of 
nitrite. Extraction procedure was used. 

§A lo-ml sample was used for each deter- 
mination. 

fixed volume of test solution. Recoveries were be- 
tween 98.7 and 100%. The results are given in Tables 
2 and 3. 

Comparison with standard method’ 

The values obtained for the water and soil samples 
by the standard method and the proposed method 
were compared (Tables 4 and 5). The coefficients of 
correlation of the two methods were found to be 
0.986 and 0.99 for 12 samples from the river Kharoon 
and the soil samples respectively. The results of the 
two methods were almost identical, so the accuracy 
of the method is satisfactory. 

Conclusion 

The proposed method is about 30% more sensitive 
than the standard method. The rapid colour devel- 
opment, excellent reproducibility, and freedom from 

Table 5. Soil analysis* (means of five 
analyses) 

Nitrite found, “/, 

Present method Standard method 

0.192 
0.161 
0.116 
0.115 
0.108 
0.016 
0.054 
0.018 
0.007 
0.015 

0.191 
0.162 
0.115 
0.113 
0.109 
0.017 
0.052 
0.018 
0.006 
0.015 

*The first five samples were freshly ma- 
nured garden soil, the next three farm- 
land soil near a fertilizer plant, and the 
last two roadside soil. 

pH-effects and interference by a large group of 
foreign ions are advantages of the method. The 
extraction method is advantageous because it lowers 
the detection limit by the concentration effect. A 
further improvement might be obtained by using a 
longer path-length cell. 
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Summary-A sensitive spectrophotometric method for the indirect determination of methyl alcohol in air 
and water is described. The methyl alcohol is oxidized to formaldehyde which is then determined in acidic 
medium with p-aminoazobenzene and sulphur dioxide. Beer’s law is obeyed in the range 100400 pg of 
methyl alcohol in 25 ml of final solution and the wavelength of maximum absorption is 505 nm. The lower 
limit of determination is 5 pg/ml in the sample. Several common organic co-pollutants do not interfere. 
The method can be used for determination of methyl alcohol in blood. 

Methanol is used extensively as an industrial solvent, 
particularly in the lacquer industry, and as a starting 
material for chemical syntheses. Ingestion of large 
amounts can cause blindness, intoxication and 
death.’ The threshold limit value (TLV) for methanol 
in air is 200 ppm.2 

A survey of the literature reveals only a few 
methods for the direct determination of methanol. 
Most of them are not specific, and involve reaction of 
the -OH functional group.’ Various methods used for 
the determination of formaldehyde have been 
modified for the determination of methanol.“” 
Jephcott4 used acidic potassium permanganate to 
oxidize methanol to formaldehyde and added oxalic 
acid to remove the excess of oxidant before finally 
developing a colour with Schiffs reagent. Bhatt and 
Gupta5 also oxidized methanol with acidic potassium 
permanganate but removed the excess by reaction 
with hydrogen peroxide, then used the colour reac- 

tion with oxalyldihydrazide (ODH) and copper(I1) in 
acetate buffered medium. BOSS,~ and Rayner and 
Jephcott,’ used chromotropic acid and Schiffs re- 
agent for the estimation of formaldehyde. Barns and 
Speicher* determined formaldehyde by Schryver’s 
method with phenylhydrazine. Edvin’ used chromo- 
tropic acid for the determination of oxidized meth- 
anol. 

In the present communication a new combination 
is described for the indirect spectrophotometric deter- 
mination of methanol. The methanol is again ox- 
idized with acidic potassium permanganate6 and the 
formaldehyde formed is determined with the p- 
aminoazobenzene and sulphur dioxide reagent sys- 
tem,” which was originally used for the estimation of 
sulphur dioxide. I2 The pink dye formed in acidic 
medium exhibits maximum absorption at 505 nm. 

*To whom correspondence should be sent. 

EXPERIMENTAL 

Apparatus 

A Carl Zeiss Spekol and an ECIL spectrophotometer 
model GS-865 with IO-mm matched silica cells were used for 
all spectral measurements. Midget impingers of 35-ml ca- 
pacity were used for air sampling. Calibrated rotameters 
(PIMCO) were used for measuring flow-rates. 

Reagents 

Standard methanol solution. Dilute 0.5 g of analytical 
grade methanol to 100 ml with demineralized water and 
further dilute 4 ml of this solution to 100 ml to obtain a 
working standard solution containing 200 pg of methanol 
per ml. 

Oxidizing solution. Dissolve 3 g of potassium per- 
manganate in 20 ml of distilled water nlus 15 ml of 
concentrated phosphoric acid and dilute to- 100 ml. 

Sulphite solution. Prepare a 3% solution of analytical 
grade anhydrous sodium sulphite in distilled water. 

p-Aminoazobenzene. Prepare a 0.02% solution in 25% 
aqueous ethanol, with recrystallized reagent. 

Absorption solution. Dilute 1 ml of oxidizing solution to 
5 ml with doubly distilled water. 

Phosphoric acid, 50% v/v. Dilute 50 ml of concentrated 
phosphiric acid to 100 ml with water. 

Wafer samples. Transfer a measured volume of sample (x 
ml, not exceeding 5 ml), containing 100-600 pg of methanol, 
to a 25-ml standard flask, add 1 ml of oxidizing solution and 
(x-5)/15 ml of 50% v/v phosphoric acid, mix and let stand 
for 10min. Then remove the excess of potassium per- 
manganate by adding sodium sulphite solution dropwise. 
Add 1 ml of p-aminoazobenzene solution. After 20 min add 
1 ml of concentrated hydrochloric acid and make up to the 
mark with distilled water. Measure the absorbance and also 
that of a reagent blank, at 505 nm, against distilled water. 
Prepare a calibration graph in a similar manner. 

Air samples. Connect two midget impingers, containing 
5 ml of absorption solution, in series. Draw the air sample 
through the absorption solution at a rate of 500 ml/min 
for 20 min. After sampling, develop the colour with p- 
aminoazobenzene as described for water samples. Between 
96 and 100% of the methanol is absorbed in the first 
impinger. 

394 



SHORT COMMUNICATTONS 395 

Table 1. Interferences in the determination of methanol 
(300 pg in water) 

Tolerance limits*, mg 

Acetaldehyde (0.62), benzaldehyde (12.5), aniline (1.25), 
toluene (20), benzene (37), urea (25), phenol (12.5), 
formic acid (2.5) acetic acid (3.7), ethanol (25), 
ethylamine (2.5), ammonia (0.62), nitrobenzene (12.5), 
nitrogen dioxide (l.l), isobutyl methyl ketone (2.5), 
acetone (25), hydrogen sulphide (6.2), ethoxyethanol 
(1.2), methoxymethanol (1 .O) 

*The weight of foreign species in the solution measured, 
which will cause not more than f2’% error. 

RESULTS AND DISCUSSION 

The oxidation mixture consists of potassium per- 
manganate and phosphoric acid, the latter being used 
because it inhibits colour production by other al- 
dehydes. lo The excess of potassium permanganate is 
reduced with sodium sulphite solution, which also 
serves as a source of sulphur dioxide for the colour 
reactioni which makes it preferable to other reduc- 
ing agents. I3 An excess of sodium sulphite has no 
effect on the absorbance. 

The acidity of the solution for oxidizing the meth- 
anol is maintained with phosphoric acid; an acid 
concentration of at least OSM is necessary for com- 
plete oxidation and no change in the measured 
absorbance is observed over the range 0.51SM 
phosphoric acid. After oxidation, the acidity during 
colour development is increased by addition of hy- 
drochloric acid, it was observed that maximum ab- 
sorbance was obtained in the range 0.41.2M hydro- 
chloric acid. 

The effect of time and temperature on the colour 
development was studied: maximum colour was ob- 
tained after 30 min, and remained stable for 2 hr in 
the temperature range from 15 to 40”. 

Beer’s law, reproducibility and sensitivity 

The absorption maximum of the pink dye is at 
505 nm. The colour system was found to obey Beer’s 
law over the concentration range 100-600 pg of 
methanol per 25 ml of final solution. The re- 
producibility of the method was checked by replicate 
analysis of a solution containing 300 pg of methanol, 
over a period of 7 days. The results showed that the 
method is fairly reproducible, with a relative standard 

Table 2. Recovery of methanol from blood (sample size 
0.5 ml) 

Methanol Methanol Standard 
added, found*, dvn., Recovery 

Pg Pg Pg % 

100 83 0.7 83 
200 170 0.8 85 
300 262 0.4 87 
400 340 0.7 85 
500 422 0.7 85 

*Means of 5 replicate analyses. 
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deviation of 1.7%. The method is fairly sensitive for 
methanol. 

Eflect of foreign species 

Other organic compounds which yield for- 
maldehyde on oxidation interfere with this and most 
other methods. Ethanol, the major co-pollutant, does 
not interfere. Hydrocarbons, aldehydes, phenol, var- 
ious organic pollutants, several metal ions, esters 
such as ethyl acetate and diethyl malonate do not 
interfere. Diethyl oxalate causes negative errors. Gly- 
co1 and glycerol, which on oxidation both yield 
formaldehyde, cause positive errors. Results are given 
in Table 1. The interference of nitrite can be removed 
by adding 1 ml of 3% sulphamic acid solution and 
sulphide can be removed from air sample by passing 
the air through a tube containing lead acetate solu- 
tion. Sulphur dioxide does not interfere with this 
method. 

Determination in air 

A modification of Wilson’s procedure’4,‘5 was used 
to simulate air samples containing methanol: purified 
air was passed through an evaporation chamber 
preheated to 60-70”, and known amounts of meth- 
anol were added gradually dropwise with the help of 
a microburette and evaporated from the chamber, the 
air stream sample being sampled as described, with 
two 3S-ml impingers connected in series to an air- 
sampling train fitted with a rotameter and vacuum 

pump. 

Determination of methanol in blood 

The method can be applied for the detection and 
estimation of methanol in biological fluids: it is 
separated from biological materials by distillation,@” 
and absorbed in a solution of acidic potassium 
permanganate, then the resulting formaldehyde is 
determined by reaction with p-aminoazobenzene as 
described. The method was tested with known 
amounts of methanol added to blood samples which 
had been shown to be free from methanol. The 
recovery is shown in Table 2, which suggests that 

there is some loss of methanol during distillation. 
This has been reported before.‘6,‘7 

Comparison with other methods 

The present method compares favourably with the 
Schiff s reagent method,4*7 Schryver’s method,3s8 
ODH method’.” and the chromotropic acid 
method,g.‘3 in all of which methanol is estimated after 
its conversion into formaldehyde. The data sum- 
marized in Table 3 show that the present method is 
far more sensitive. It is simple and can be used 
satisfactorily for industrial hygiene work. The 
method is free from common organic interferences. 
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Summary-The method reported provides a fast, sensitive, accurate and reproducible reverse-phase HPLC 
assay for acetaminophen and dextropropoxyphene simultaneously. The total elution time is < 5 min. The 
method is stability-indicating since it can also determine p-aminophenol, a degradation product of 
acetaminophen, in a concentration as low as O.OOS”/O of the acetaminophen concentration. 

Acetaminophen (AAP, paracetamol, p-hydroxy- 
acetanilide) is a widely used non-prescription analge- 
sic. Dextropropoxyphene napsylate (DPN) is a 
widely prescribed analgesic for mild to moderate 
pain, either alone or in combination with ace- 
taminophen or aspirin. AAP has been determined in 
dosage forms by various methods such as gas chro- 
matography (GC),’ reverse-phase HPLC with de- 
tection at 254 nm,2-5 and HPLC with electrochemical 
detection.6 Recently, a normal phase HPLC method’ 
has been used. 

AAP in biological fluids has been determined by 
GC’ and HPLC9-14 The current USP method for the 
determination of AAP in dosage forms is too lengthy, 
since it requires separation by silica gel column 
chromatography, followed by detection at 249 nm. 

DPN has been determined in biological fluids 
by GC.‘>19 In pharmaceutical preparations, pro- 
poxyphene hydrochloride has been determined by 
extraction followed by normal phase HPLC.” The 
degree of contamination of propoxyphene by its 
carbinol diastereomers has been detected by HPLC.” 

The present USP assay for AAP and DPN22 in- 
volves extraction followed by GC with helium as 
carrier gas for the determination of compounds re- 
lated to DPN, GC with nitrogen as carrier gas for the 
determination of DPN, and separation followed by 
derivative formation and GC with helium as carrier 
gas for the determination of AAP. This method, 
though specific, is time-consuming. 

The method described in this paper provides a fast, 
sensitive and reliable reverse-phase HPLC assay for 
AAP and DPN simultaneously. The method is 
stability-indicating since it can determine p- 

aminophenol (PAP), a degradation product of AAP, 
at a concentration as low as 0.005% of that of the 
AAP. 

Materials 
EXPERIMENTAL 

Reagent-grade potassium dihydrogen phosphate, ammo- 
nium formate and disodium hydrogen phosphate were 
obtained from BDH, England. p-Aminophenol (reagent 
grade) was obtained from Riedel-de-Haen, Hanover. HPLC 
grade methanol (Fluka) and distilled, demineralized water 
were used. Standards of AAP (Graesser Salicylates, Deeside, 
England) and DPN (Siegfried, Basle, Switzerland) were used 
as received. 

Apparatus 

The Varian 5000 LC HPLC system, equipped with a __ 
Valco Instruments manual loop injector, was connected to 
a Varian UV-50 variable-wavelength detector and a Varian 
9176 chart-recorder. A Varian MLropak MCH-10 reverse- 
phase octadecylsilane column was used. 

Chromatographic conditions 

The mobile phase was prepared by dissolving 1.361 g of 
potassium dihydrogen phosphate and 1 g of ammonium 
formate in 700 ml of water and 300 ml of methanol. The 
solution was adjusted to pH 6 with a saturated solution of 
disodium hydrogen phosphate. The mobile phase was al- 
ways filtered through a Gelman 0.45~ym membrane and 
degassed under reduced pressure before use. The flow-rate 
was 2 ml/min and the pressure about 2200 psig. The detector 
sensitivity was 0.5 absorbance units full-scale for AAP and 
DPN, and 0.02 for PAP. The chart-speed was 0.5 cm/min. 

Standards 

A two-component standard solution (AAP 325 pg/ml and 
DPN 100 pg/ml) was prepared in methanol. For the deter- 
mination of PAP a 1.625 pg/ml standard solution was 
prepared in methanol. The solutions were filtered through 
a 0.45 pm membrane before use. 

Sample preparation 

For the assay, 20 capsules were emptied and the contents 
weighed. The average content of a capsule was weighed out 
and dissolved in lOOm1 of methanol. The solution was 
filtered (0.45~pm membrane) and 5 ml of the filtrate were 
diluted to 50ml with methanol. For the PAP assay, the 
average content of a capsule was weighed out and dissolved 
in 10ml of methanol and the solution filtered (0.45~pm 
membrane). 
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Table 4. Stability studies* 

399 

Period 
elapsed, 

days 

1 
7 

Product At Product B 

AAP DI!N AAP DPN 

100.5 f 0.7 100.5 f 0.6 100.5 + 0.5 100.8 f 0.4 
99.2 & 1.2 100.0 + 1.1 100.6 & 0.4 99.0 f 0.3 

*Nominal content f RSD for 6 samples. 
?A. Dolostop capsules, B. Dolostop Forte capsules. 

Table 5. Accuracy studies* 

Method AAP DPN 

HPLC 99.6 f 1.6 100.6 + 0.9 
Modified BP 80 99.1 + 1.1 loo.3 f 1.2 

*Nominal content f RSD for 6 samples of Dolostop 
Forte. 

prepared and quantities ranging from 0.2 to 5 pg of 
compound were injected. A plot of peak height vs. 
amount injected was linear up to 5 fig for AAP and 
PAP and 1 pg for DPN, with correlation coefficients 
of 0.9954, 0.9957 and 0.9968 respectively. 

To determine the accuracy, each standard was 
spiked with a placebo and subjected to HPLC anal- 
ysis at least 6 times. In all cases, satisfactory recov- 
eries and reproducibility of peak heights were ob- 
tained (Table 1). No interference due to the placebo 
formulation was detected in the chromatograms pro- 
duced. Furthermore the sensitivity of the method is 
illustrated by the high recovery of very low concen- 
trations of PAP relative to AAP (Table 2). 

It is well known that acetaminophen degrades to 
yield p-aminophenol. The specificity of the analytical 
method is illustrated by the complete separation of 
AAP, DPN and PAP in less than 5 min (Fig. 1). 

The detection limit was determined by diluting the 
standard solutions with methanol and injecting 1~1 
of each solution into the column. The detection limits 
were found to be 2.8, 2.4 and 2.0 ng for AAP, DPN 
and PAP, respectively. 

The reproducibility of the HPLC procedure was 
determined by analysing day-to-day results. The re- 
sults of the analysis on commercial products 
presented in Table 3 show excellent reproducibility 
with no statistical difference at the 5% level. 

A stability study was performed on commercially 
available products, by placing samples in tubes in a 
humid atmosphere at 80”. A sample was taken daily 
and assayed. The data presented in Table 4 reveal no 
significant loss in activity throughout the study. 

The accuracy of the method was further supported 
by the closeness of the results to the nominal content 
and to those obtained by the following modified BP 
80 procedure performed in another laboratory. DPN 
was extracted into chloroform from aqueous alkali, 
which retained AAP. DPN was then determined by 
non-aqueous titration as in BP 80 for DPN cap- 
sules *’ The aqueous alkaline layer was used to deter- . _ 
mine AAP spectrophotometrically as in BP 80 for 

paracetamol (AAP) tablets.24 Results obtained are 
listed in Table 5. 

The principal objective of this study was to develop 
an HPLC method involving minimum sample manip- 
ulation, maximum resolution and minimum elution 
time. This was achieved, with a run time of 5 min. 
The method is reliable, accurate, specific, fast and 
stability-indicating. 
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Suaunary-The extraction of Catechol Violet, Chrome Axurol S and Eriochrome Cyanine R with 
chloroform solutions of tri-n-octylamine (TOA), TOA hydrochloride and Aliquat 336 has been in- 
vestigated. From the extraction isotherms, absorption spectra of the organic phases and dependence of 
the extraction coefficients on extractant concentration, it was found that the singly-charged anions HL- 
are extracted preferentially, but acidic groups other than sulphonate can also form ion-pairs with 
alkylammonium cations at higher pH values of the aqueous phase, and at high acidity these dyes can be 
extracted other than by an anion-exchange reaction. The three dyes (especially Eriochrome Cyanine R 
and Chrome Axurol S) were strongly extracted with the liquid anion-exchanger used and Aliquat 336 was 
a better extractant than TOA or TOA hydrochloride. The absorption spectra for the organic phases 
containing Chrome Axurol S and Eriochrome Cyanine R depended on the extractant used. 

Many sensitive spectrophotometric methods for 
metals are based on the formation of ion-association 
complexes composed of anionic complexes and large 
organic cations. In addition to methods based on 
ternary complexes involving chelating agents and 
cationic surfactants, methods utilizing the extraction 
of anionic metal-sulphonated chelating agent com- 
plexes by solutions of liquid anion-exchangers in 
organic solvents often give better sensitivity and 
selectivity than the conventional spectrophotometric 
methods.’ Although excess of sulphonated chelating 
agent can also be extracted by a liquid anion- 
exchanger, only a few such cases (nitroso-R salt,’ 
ferron2*3 and some sulphonated formazans4) have 
been investigated. It therefore seems important to 
study such systems in order to improve the design of 
extraction-spectrophotometric methods for metals, 
and of selective metal-sorbents consisting of chelating 
anion/alkylammonium cation combinations.5*6 

Sulphonated triphenylmethane dyes are important 
reagents for spectrophotometric determination of 
metals, and as metallochromic indicators.’ The ter- 
nary complexes formed from metal ion, sulphonated 
triphenylmethane dye and organic cationic surfactant 
in aqueous solution have been utilized in several very 
sensitive spectrophotometric methods for metals.8” 
Tertiary amines and quatemary ammonium salts 
have been used similarly. Thus a very sensitive 
method for determination of tin is based on extrac- 
tion of the anionic tin(IV)-Catechol Violet complex 
with diphenylguanidine in butanol.” Molybdenum 
has been determined with Catechol Violet directly in 
the organic phase after extraction from sulphuric acid 
with tri-n-octylamine in toluene.” Shijo’2 developed a 
very sensitive method for iron (6 = 1.73 x lo5 

l.mole-’ .cm-‘) based on extraction of the iron- 
(III)-Eriochrome Cyanine R complex by tridodecyl- 
ethylamine bromide in xylene. 

Our earlier results obtained chromatographically 
(paper extraction chromatography and the “moist 
paper” technique)” suggested that Catechol Violet, 
and especially Chrome Azurol S and Eriochrome 
Cyanine R, can be effectively extracted from aqueous 
acidic solutions with ternary amines and quatemary 
alkylammonium salts in benzene or chloroform; how- 
ever, the rather strong adsorption of these reagents 
on cellulose makes it difficult to interpret the chro- 
matographic data quantitatively. Therefore the corre- 
sponding water/chloroform extraction systems were 
investigated in the present work. 

EXPERIMENTAL 

All experiments were done at room temperature (21 f 2”). 

Reagents 
pure tri-n-octylamine (TOA) was purified by vacuum 

distillation, the fraction boiling at 192-198” (11-12 mmHg) 
being collected. TOA hydrochloride was made by shaking 
a O.lM solution of the free amine in chloroform with an 
equal volume of 0.2M hydrochloric acid; after separation, 
the organic phase was washed twice with doubly distilled 
water and filtered through a cellulose filter. More dilute 
TOA or TOA hydrochloride solutions were prepared by 
dilution with freshly distilled chloroform. 

Aliquat 336 (93.3% w/w quaternary alkylammonium 
chloride) was freed from iron by shaking its O.lM chloro- 
form solution with an equal volume of O.OlM hydrochloric 
acid, then the organic phase was washed five times with an 
equal volume of doubly distilled water; finally the organic 
phase was filtered through a cellulose filter. More dilute 
solutions were prepared by dilution with freshly distilled 
chloroform. 

The chloroform solutions of Aliquat 336 and TOA hydro- 
chloride were standardized by potentiometric titration (after 
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PH 

Fig. 1. Effect of pH on the extraction of Catechol Violet 
(5 x 10-4M). Extractants: IO-‘&I TOA (O---O). 10-3M 
TOA hydrochloride (O---O) in chloroform, 2 x l0-4M 

Aliquat 336 (A---A) in chloroform. 

evaporation of chloroform) with O.OlM silver nitrate in 
ethanol-water (70:30 v/v). 

All other reagents were of analytical grade. 

Procedure 

Catechol Violet (CV), Chrome Azurol S (CAS) and 
Eriochrome Cyanine R (ECR) were extracted by shaking 
together for 10 min equal volumes (usually 5 or 10 ml) of 
the aqueous reagent (previously adjusted to an appropriate 
pH with O.lM hydrochloric acid or O.lM sodium hydroxide) 
and chloroform or a chloroform solution of TOA, TOA 
hydrochloride or Aliquat 336, in cylindrical separating 
funnels. The lower (organic) phase was then filtered through 
a cellulose filter to remove the remaining aqueous solution 
and the aqueous phase was centrifuged. The reagents were 
determined spectrophotometrically in the aqueous phase by 
use of calibration graphs obtained for aqueous solutions of 
appropriate pH, at the wavelength of the absorption maxi- 
mum. Since the absorbance of the aqueous CV solution was 
not stable at pH > 7, and the absorption maximum of the 
organic phase changed with time, alkaline aqueous solutions 
of CV, after extraction, were adjusted to pH 3.8-3.9 with 
dilute hydrochloric acid; CV was then determined at 445 nm 
from a calibration graph obtained analogously. Also, the 
aqueous phase after extraction of CAS was always adjusted 
to pH 1 with hydrochloric acid and the absorbance 
measured at 465 nm. 

RESULTS AND DISCUSSION 

Preliminary experiments with equal concentrations 
of the triphenylmethane dyes in acidic aqueous solu- 
tions and a constant concentration of TOA, TOA 
hydrochloride or Aliquat 336 in the organic phase 
indicated very rapid extraction-shaking for 15 set 
was sufficient for equilibrium to be reached. Since all 
the three dyes contain a sulphonate group and pheno- 
lit groups, and CAS and ECR also have two carbox- 
ylate groups, it was expected that pH would have a 
strong influence on the extraction. 

It was found that CV is not extracted with pure 
chloroform at the pH values studied, and ECR is 
only partially extracted (extraction coefficients N 0.1) 
at pH 1, whereas CAS is feebly extracted from acidic 
or neutral solutions. However, all three are quite well 

extracted from acidic aqueous solutions with chloro- 
form solutions of the liquid anion-exchangers, if the 
concentration of the latter is sufficient to neutralize 
the charge of the sulphonate group of the reagent. 
The degree of extraction of ECR and CAS decreases 
with increasing equilibrium pH of the aqueous phase, 
whereas for CV the extraction is maximal at 344.9, 
depending on the extractant used (Figs. l-3). TOA 
and TOA hydrochloride behave similarly, and the 
extraction is very low at pH > 8 (the TOA hydro- 
chloride is then converted into the free amine). Ali- 
quat 336 is a better extractant and is the only one of 
the three that extracts the dyes from alkaline solution. 
This seems to confirm that anion-exchange is the 
major mechanism in the extraction process. 

The extraction isotherms (Figs. 46) confirm that 
Aliquat 336 has the best extraction properties. Erio- 
chrome Cyanine R was practically quantitatively 
extracted with 10m3M chloroform solutions of the 
liquid anion-exchangers used, when its concentration 
in the initial aqueous solution was below about 
lo-‘h4. Aliquat 336 and TOA hydrochloride in 
chloroform (except for extraction of Chrome Azurol 
S with TOA hydrochloride) will extract more of the 
dyestuffs than corresponds to a 1: 1 complex. For 
example, the mole ratio of dyestuff to Aliquat 336 can 
attain the value 1.2 for Chrome Azurol S, 1.3 for 
Catechol Violet and 5.9 for Eriochrome Cyanine R. 
The extraction isotherm for Chrome Azurol S seems 
to indicate that when the pH of the aqueous phase is 
4.6, only the sulphonate group of the reagent is 
bound with the alkylammonium cation in the ion- 
pair, although the anions H,L- and HrL*- should be 
present in the aqueous solution (the carboxyl group 

2 4 6 6 IO 

Fig. 2. Effect of pH on the extraction of Chrome Azurol S 
(5 x 10e4M). Extractants: 10m4M chloroform solutions of 
TOA (0 ---O), TOA hydrochloride (0 ---Cl), Aliquat 

336 (@---a); or chloroform ( x --- x ). 
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would be partially dissociated).‘4 Although chloro- 
form does not extract Catechol Violet or Eriochrome 
Cyanine R (at pH > l), the presence of the ion-pair 
consisting of the dyestuff anion and an alkyl- 
ammonium cation should change the physical prop- 
erties of the chloroform and some of the dyestuff 
might then be extracted by a mechanism other than 
simple anion-exchange. The extraction of a “super- 
stoichiometric” amount of Eriochrome Cyanine R 
from aqueous solution at pH 1 can be explained if the 
“neutral” (zwitterion) species H,L present along with 
the H3L- anions in the aqueous solution is also 
extracted.15 Chrome Azurol S is also almost quan- 
titatively extracted from aqueous solution at pH 1 
when the concentration of Aliquat 336 in the organic 
phase is half the concentration of the reagent in the 
aqueous solution before extraction (see Table 1). 
Further association of carboxylate dyestuffs in the 
organic phase cannot be excluded (especially when 
acidic aqueous media are used) and the extraction of 
such aggregates could also lead to the apparent 
superstoichiometric extraction of the dyestuff. 

Fig. 3. Effect of pH on the extraction of Eriochrome 
Cyanine R (5 x 10m3M). Extractants: lo-‘M chloroform 
solutions of TOA (0 ---a), TOA hydrochloride 

(O---O) or Aliquat 336 (IJ---Cl). 

The high degree of extraction of Chrome Azurol S 
and Eriochrome Cyanine R from aqueous acidic 
solutions just discussed prevents investigation of the 
extraction mechanism by slope analysis. For Cate- 

I I I I I 
1 2 3 4 5 

C,,(16%M) 

Fig. 4. Extraction isotherms for Catechol Violet (PH N 3). Extractants: 5 x 10e3M chloroform solutions 
of TOA (curve l), TOA hydrochloride (curve 3) or Aliquat 336 (curve 2). C, and C, are the equilibrium 

concentrations in the organic and aqueous phases respectively. 
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3.4 - 

3.0 c 

I I I I I I 
0.4 0.8 1.2 l.6 2.0 2.4 

c,(10-3/w~ 

Fig. 5. Extraction isotherms for Chrome Axurol S (pH 4.7). Extractant: 5 x lo-‘M chloroform solutions 
of Aliquat 336 (curve 1) or TOA hydrochloride (curve 2). C, and C, are defined as for Fig. 4. 

chol Violet a slope of 1.0 was found at pH 2.23 for 
log D us. log [Aliquat 3361; this suggests that only the 
sulphonate group binds to the alkylammonium cat- 
ion, as expected for a simple anion-exchange reaction 
(at pH 2.2 the anion HSL- should be predominant in 
the aqueous solution’6): 

H,L- + R4N+, Cl-+R,N+, H,L- + Cl- 

Woodward and Freiser” suggested that in strongly 
alkaline media not only the sulphonate groups but 
also the phenolate groups of sulphonated azo-dyes 
can bind to alkylammonium cations. The experi- 
mental results for the extraction of Chrome Azurol S 
from aqueous solutions at pH 11.1 (Fig. 7) seem to 
confirm this. The slope of 3.8 suggests that along with 
the sulphonate group, two carboxylate groups and, 
partially, the phenolate group of the reagent are 
neutralized with alkylammonium cations and the 
ion-association complex (R4N+),.L - is formed in 
the organic phase. 

If sulphonated triphenylmethane dyes are extrac- 
ted by anion-exchange reactions, chloride ions should 
be transferred into the aqueous phase when the 
extraction is done with alkylammonium chlorides. 
Therefore, chloride was determined in the aqueous 
and organic phases after extraction of Catechol Vio- 
let, Chrome Azurol S and Eriochrome Cyanine R 
with chloroform solutions of Aliquat 336 or TOA 
hydrochloride. The results obtained are collected in 
Table 2. 

It should be noted that the ratio of the chloride 
concentrations in the organic and aqueous phase 
increased when an excess of the dyestuff (relative to 
the alkylammonium salt) was used. For instance, 

chloride was transferred into the aqueous phase 
quantitatively after extraction of an 8 x 10P3A4 aque- 
ous solution of Eriochrome Cyanine R with a 10m3M 

I d 
I I I J 

9 2 3 4 5 
C,,(163M) 

Fig. 6. Extraction isotherms for Eriochrome Cyanine R (pH 
1.0). Extractants: chloroform (0 ---0) or lo-‘M chloro- 
form solutions of TOA (O---O), TOA hydrochloride 
(O---O) or Aliquat 336 (A---A). For the upper three 
curves the C, values correspond to the difference between 
the total concentration of Ericchrome Cyanine R in the 
organic phase containing amine, and the concentration 
when the dyestuff is extracted with chloroform alone; C, is 

the equilibrium concentration in the aqueous phase. 
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Table 1. Dependence of the extraction coefficient (0) and percentage of Chrome 
Azurol S extracted (initial concentration of the reagent 5 x 10e3A4) on the 

concentration of Aliquat 336 

pH 4.65* pH 0.97* 
[Aliquat 3361, 

10-3M D Extracted, % D Extracted, % 

0.1 0.02 1.8 0.37 27.0 
0.2 0.46 31.4 
0.5 0.09 8.2 0.86 46.0 
0.75 0.18 15.1 1.4 58.4 
1.0 0.28 21.6 1.86 65.0 
1.5 4.81 82.8 
2.0 0.72 42.0 40.6 97.6 
2.5 1.17 54.0 250 99.6 
3.0 1.78 64.0 >lOOO 100 
3.5 2.47 71.2 
4.0 4.32 81.2 
4.5 8.43 89.4 
5.0 124 99.2 
6.0 300 99.7 
6.5 500 99.9 
7.0 830 99.9 

*pH of the aqueous phase. 

solution of Aliquat 336 or TOA hydrochloride in 
chloroform. This confirms that anion-exchange is 
occurring in the extraction process. However, for 
equal initial concentrations of the dyestuff in the 
aqueous solution and the extracting agent in the 
organic phase (see Table 2), the extraction coefficients 
were always higher than the final [Cl-].,/[Cl-I, ratios 
(especially for Eriochrome Cyanine R). This confirms 
the observation that some of the dyestuff can be 
extracted by a mechanism other than anion- 
exchange. 

increases with increasing pH of the aqueous phase 
and attains a maximum (at 620 nm) at pH 7.35; at pH 
8.3 the maximum at 445 nm disappears and a third 
maximum at 360 nm appears (curve 6 in Fig. 9). The 
lack of isosbestic points is probably due to inade- 
quate purity of the dyestuff. 

The colours of the organic phases containing the 
sulphonated triphenylmethane dyes and alkyl- 
ammonium cations were sometimes different from 
the colours of the aqueous solutions of the dyestuffs 
at the same pH values. 

The absorbance of Catechol Violet in the organic 
phase was stable only when TOA hydrochloride was 
used as extracting agent; then no changes in absorb- 
ance were found even after 24 hr. The absorbance of 
Catechol Violet extracted with Aliquat 336 was stable 
only at an equilibrium pH of 5.6; when extraction was 
done from more acidic or more alkaline solutions, the 
absorbance at 445 nm increased very slightly and the 
absorbance at 620 nm distinctly decreased in 24 hr. 

Absorption spectra for organic solutions contain- 
ing Catechol Violet and an excess of alkylammonium 
salt (necessary to ensure quantitative extraction) are 
shown in Figs. 8 and 9. The organic phases were 
yellow when the extraction was done from sufficiently 
acidic solutions and a single absorbance maximum at 
440 nm was found for Catechol Violet extracted with 
TOA or TOA hydrochloride from aqueous solutions 
in the equilibrium pH range 0.9-3.9. It should be 
added that the absorbance depends on the pH of the 
aqueous solution and attains maximal and constant 
values when the equilibrium pH range is 2.8-3.7, over 
which the yellow anion H,L- is predominant in the 
aqueous solution.‘6 The shapes of the spectra for 
Catechol Violet extracted with Aliquat 336 depend 
on the equilibrium pH value of the aqueous phase 
(Fig. 9) and a single absorbance maximum at 445 nm 
was found only on extraction from distinctly acidic 
solutions of the reagent (pH 0.9-2.0). At an equi- 
librium pH of 3.8, a second maximum appears at 620 
nm (the organic phase is then green). The absorbance 

3.0 

I 

2.6 - I 

Q 2.2 - t 
. 

B 

1.6 - / 

-slope 3.6 

1.4 - 
I 

/r 

_--_ 

: 

"O- / 

: 

:' 

0.6- l 
: 

log CAliquat 3361 

Fig 7. Log-log plot of the extraction coefficients (D) for 

at 445 nm decreases and the absorbance at 620 nm 
Chrome Azurol S (5 x lo-‘M, pH 11.1) us. concentration of 

free Aliquat 336 in chloroform. 
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Table 2. The ratio of the chloride concentration in the aqueous and organic phases after 
extraction of Catechol Violet, Chrome Azurol S and Eriochrome Cyanine R with 
chloroform solutions of Aliquat 336 and TOA hydrochloride: the initial concentrations 
of the dyestuff in the aqueous solution and of the alkylammonium salt in the organic 
phase were 5 x 10-3M for Catechol Violet and Chrome Azurol S and lo-‘M for 

Eriochrome Cyanine R 

Aliquat 336 TOA.HCl 

[a-l,, p-l,, 

PH P-l, D P-l, D 

Catechol Violet 2.3 5.25 15.1 1.1 4.6 
Chrome Azurol S 4.6 9.0 32 6.1 8.2 
Eriochrome Cyanine R 3.0 2.85 > 250 2.51 > 250 

06 - 

400 450 500 550 

Wavelength (nml 

Fig. 8. Absorption spectra for organic phases after extrac- 
tion of Catechol Violet (5 x 10m5M) with a 5 x lo-‘M 
chloroform solution of TOA hydrochloride. Equilibrium 
pH values of the aqueous phases: O.%urve 1; 1.9-curve 

2; 2.8 or 3.65--curve 3; 3.85-curve 4. 

1.4 

I 

The absorption spectra for organic solutions of 
Catechol Violet seem to indicate that various anions 
of the dyestuff can be transferred into the organic 
phase; their charge is neutralized by alkylammonium 
cations. Extraction of Catechol Violet from distinctly 
acidic aqueous solutions leads to formation of a 
yellow ion-pair R,N+ . H3L-. When the pH increases, 
the anions H, L*- are formed in the aqueous solution 
(the absorbance maximum for this anion is at 590 
nm)16 and these can probably also be extracted as an 
ion-association complex with two alkylammonium 
cations. 

Absorption spectra for Chrome Azurol S extracted 
with TOA hydrochloride and Aliquat 336 in chloro- 
form differ significantly (Fig. 10). The organic phases 
are pink (,I,,,,,, 510nm, E = 1.38 x lo4 l.mole-‘.cm-‘) 
after extraction of the dyestuff from acidic aqueous 
solutions with TOA hydrochloride in chloroform. 
The organic phase containing Chrome Azurol S and 

Wavelength (nm) 

Fig. 9. Absorption spectra for organic phases after extraction of Catechol Violet (5 x lo-‘M) with a 
5 x 10-SM chloroform solution of Aliquat 336. Equilibrium pH values of the aqueous phases: 

0.874urve 1; 1.93+urve 2; 3.84-curve 3; S.&urve 4; 7.35--curve 5; 8.3-curve 6. 
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Wavelength (nm) 

Fig. 10. Absorption spectra for organic phases after extrac- 
tion of Chrome Azurol S (5 x 10-5M) with a 5 x 10m4M 
chloroform solution of TOA hydrochloride (PH,“, 

3.4-curve 1) or Aliquat 336 (pH,,,, 3.6-curve 2). 

the equivalent amount or an excess of Aliquat 336 is 
violet for the pH range 3.6-7.4. The organic phase 
obtained on extraction of the dyestuff from a strongly 
alkaline medium (pH 12.65) with a chloroform solu- 
tion of Aliquat 336 is initially yellow; after separation 
the yellow colour changes to violet, irrespective of the 
concentration ratio of Aliquat 336 to dyestuff in the 
range from 1:2 to 1O:l. The colour of the organic 
phase changes immediately on removal of water from 
it by addition of anhydrous sodium sulphate or 
filtration through a cellulose filter. In the equilibrium 
pH range 3.6-7.4, the absorbance of the organic 
phase at 600 nm is constant (a = 1.6 x lo4 
1. mole-‘. cm-’ and the absorbances obtained at 1: 1 
and 10: 1 mole ratios of Aliquat 336 to Chrome 
Azurol S are practically the same. The absorbance of 
the organic phases remains unchanged for at least 24 
hr. These results seem to suggest that only the 
ion-pair R4NC H, L- is formed on extraction of the 
dyestuff from acidic and moderately alkaline solu- 
tions; however, the high stability of the absorbance of 
the organic phases obtained by extraction of Chrome 
Azurol S from acidic aqueous solutions is rather 
surprising, because it is well known that the orange 
H,L- (&,,, 480 nm) and red H,L2- (A,,,,, 510 nm) are 
not stable in aqueous solution, unlike the yellow 
HL3- and violet L4-.j4 It is also difficult to explain 
the marked differences in &,,, between organic phases 
containing Chrome Azurol S bound with TOA and 
those with it bound with Aliquat 336, at almost 
identical equilibrium pH values of the aqueous phase. 

The absorption spectra for organic phases contain- 
ing Eriochrome Cyanine R bound with TOA or 
Aliquat 336 (Fig. 11) are somewhat similar to the 
corresponding spectra for Chrome Azurol S. The 
absorbance of the organic solutions of Eriochrome 

Cyanine R was not stable and was constant only 
when measured within 0.5-l hr of extraction; sub- 
sequently it increased with time, especially when the 
extractant was Aliquat 336 in chloroform. The ab- 
sorbance values for the lilac organic phases depend 
also on the pH of the aqueous phase. The absorbance 
for Eriochrome Cyanine R extracted with TOA hy- 
drochloride or Aliquat 336 reached a maximum at an 
equilibrium pH of 2.1 (H,L- is then predominant in 
the aqueous solution”). The absorbance maximum 
was at 510nm (a = 6.8 x lo3 l.mole-‘.cn-‘) for the 
dyestuff extracted with TOA hydrochloride and at 
570 nm (s = 8.2 x 103) for Eriochrome Cyanine R 
extracted with Aliquat 336. The organic phase was 
initially yellow when Eriochrome Cyanine R was 
extracted with Aliquat 336 from aqueous solution at 
pH 12.5; after 30 min the colour changed to red-violet 
&, = 5.3 x 103) and the absorbance of the organic 
phase then remained unchanged for at least 9 hr. 

The differences between the absorption spectra for 
Eriochrome Cyanine R and Chrome Azurol S (and 
also the differing stabilities of the absorbance of the 
organic phase) extracted with TOA hydrochloride 
and Aliquat 336 seem to be important when an 
extractant for extraction-spectrophotometric deter- 
mination of metals is to be chosen, since an excess of 
reagent is always used in the determination and the 
reagent is then extracted together with the anionic 
metal complex. 

The extraction data confirm the earlier supposition 
based on chromatographic dataI that Eriochrome 
Cyanine R and Chrome Azurol S are more strongly 
extracted than Catechol Violet with liquid anion- 
exchangers; however, all three dyestuffs can be ex- 

Wavelength (nml 

Fig. 11. Absorption spectra for organic phases after extrac- 
tion of Eriochrome Cyanine R (10-4M) with a IO-“M 
chloroform solution of TOA hydrochloride (PH,,, 
2.05-curve 1) or Aliquat 336 (pHqUi, 2.0S-curve 2 or 
11.5-curve 3). The absorbance was measured 30 min after 

separation of the phases. 
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tracted quantitatively with just a small excess of TOA 
hydrochloride or Aliquat 336. The high degree of 
extraction of the reagents (especially with Aliquat 
336) suggests that ion-pairs composed of a sul- 
phonated triphenylmethane dye and a hydrophobic 
alkylammonium cation could fmd application in the 
preparation of selective sorbents for some metal 
ions.5 
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Summary-Linearly related functions have been derived which enable mixtures of three weak acids or 
bases in solution to be analysed by means of pH-titration data. This theory has been tested with data 
from the titration of a variety of mixtures of acids. The data required for the functions are pH, volume 
of titrant, the equilibrium constants relevant to the mixture, and an independently determined equivalence 
volume. This may be the equivalence volume for one of the components of the mixture or the sum of 
the equivalence volumes for any two or all three of tbe components. It is immaterial how this equivalence 
volume is obtained, but it is usually possible to obtain the total equivalence volume from data in another 
part of the same titration curve (when a large excess of titrant has been added). 

A linear titration plot is a means of transforming 
titration data so that the information contained 
within a set of data can be extracted more easily than 
is the case for the conventional S-shaped titration 
curve of pH or e.m.f. plotted against volume of 
&rant added. The aim is always to derive two 
functions that are linearly related and can be calcu- 
lated from the titration data and known constants. 
When one function is plotted against the other, the 
equivalence volumes of &rant for the components in 
the sample are obtained from the intercept and 
gradient of the resultant straight line. 

Linear titration plots have the advantage of being 
in a form that provides an obvious visual warning 
that the interpretation of the results may be suspect: 
curvature in the plot indicates either that the sample 
contains substances different from (or additional to) 
those expected, or that the experimental technique is 
in error. Linear titration plots have been derived that 
are capable of allowing for the finite solubility of a 
precipitate,’ polyfunctionality of an acid or base,2 
partial neutralization of an acid or base,3 and mix- 
tures of two polyfunctional weak acids.4 

In contrast to the conventional S-curve, linear 
titration plots require an accurate and precise deter- 
mination of pH and a certain amount of calculation 
in preparing the functions for plotting. In most cases 
the functions can be calculated with a “scientific” 
calculator although for the most rigorous and general 
treatment a computer would be necessary. 

It is implicit in the linearity of the plots that only 
two unknowns can be determined simultaneously. 
For analysing mixtures of three components by linear 
titration plot, therefore, one concentration, or the 
sum of any two or all three concentrations, must first 

be found independently. In many cases a selected 
portion of the titration data can be made to yield the 
required concentration and the rest of the data then 
used to calculate the remaining concentrations. 

Midgley’ analysed a mixture of nitric acid, acetic 
acid and ammonium ion by applying a plot4 for 
two-component analysis, first in the pH range 
3.549 to give the concentrations of nitric and acetic 
acids, and then in the range pH 8.5-9.7 to give the 
ammonium ion concentration and the combined con- 
centration of nitric and acetic acids. 

This paper treats the problem more generally and 
develops linear titration plot functions for ternary 
mixtures of either acids or bases. The new functions 
can resolve two of the unknown concentrations 
simultaneously, given an independently determined 
quantity which may be the concentration of the third 
component or the sum of all three or of any two 
concentrations. The theory is developed for all these 
possibilities. In most cases the independently deter- 
mined quantity can be obtained from data taken 
from the same titration, and one experiment, there- 
fore, serves for the determination of all three un- 
known concentrations. 

Notation 
THEORY 

Both acids and bases are represented by the general 
formulae H,XP,, H,YQ, and H,ZR,. X, Y and Z 
represent the unprotonated radicals to which a, b and 
c protons respectively are attached. P, Q and R are 
univalent ions of charge jp, jo and j, respectively, 
present in the numbers p, q and r necessary to 
maintain electrical neutrality. The numbers p, q and 
r depend on the number of negative charges, n,, ny 
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and n, on the unprotonated radicals and the number 
of protons attached. Note that the number of associ- 
ation steps, k,, k, or k,, for each radical is not 
identical with the proton number a, b or c respectively, 
but is characteristic of the radical itself. This notation 
applies to acids, salts and bases, as shown by the 
following examples: acetic acid, nx = kx = a = 1, 
p = 0; sodium acetate nx = kx =p = 1, c1 = 0; ammo- 
nia +=a =p =0, k,= 1. 

jIz are given by 

Bx = I$, Kx, {H)‘f,/&, 

BY = ,$, &i {H]‘f,IFv, 

and 

Three weak acids 

Consider the titration of V,, ml of a mixture of three 
acids, H,XP,, H,YQ, and H,ZR, with a strong base 
of normality CB. For each acid there exists a series of 
overaN association constants: 

Kx, = {H,X)/{X) {HI’ 

= [HiX]Fxi/[X]fx{H}‘; i = l--+kx 

G, = {H,YU{Y) {HI’ 

= [HiYjFy,/[Y]fy(H}‘; i = l-k, 

Kz, = {HiZ}/{Z} {HI’ 

= [H,Z]Fzz/[Z]fi{H}‘; i = I-+k, 

In the equations above, { } denotes an activity and [ ] 
a concentration; fx, fv and fi are the activity 
coefficients of the fully deprotonated forms X”X-, 
Yny- and Znz- respectively and Fxi, Fyi and Fzi are the 
activity coefficients of the ith protonated form of 
each ion. With this notation, a strong acid is auto- 
matically covered by the theory since it is regarded as 
a weak acid with K, = 0. Discrimination between 
strong acids is not possible. We can now derive the 
functions from the mass- and charge-balance equa- 
tions for each data point (V, pH), where V is the 
volume of titrant added. 

Bz = iz, Kzi {H)‘f,/&, 

Total titrant 

TB=C,V/(V,+ V) 

hPl=(nx-a)Tx 

.LdQ1=(nu-b)Ty 

hJR1 = (nz - c) Tz 

Charge balance 

iPFl + idQl+ 4JN + [HI + TB - PHI 

= nxB] + (n, - l)[HX] + . . . 

(nx - i) [H,X] + . . (n, - k,) [HkxXl + 

n,w] + (n, - l)[HY] + . . . 

(nu - i)[H,YI + . . . (ny - kY)[HkyYl + 

nz[Z] + (nZ -. l)[HZ] + . . . 

(nz - i)[HiZ] + . . (n, - k,)[H,,Zl 

Substituting for [PI, [Q] and [R] on the left and 
collecting terms on the right, we obtain 

(nx-a)T,+(n,-b)T,+(n,-c)T, 

+ T, + [H] - [OH] 

=nxTx--Clx~]+n,T,-a,[Yl 

+nzTz-dZ1 (1) 

Mass balances where 

Total X, TX = [x] + [HX] + . . [H,X] 

+...[Hj+X] 

= [X1(1 + 8x1 
and 

=C,V,/a(V,+ V) 

Total Y, Ty = [y] + [HY] + . . . [HiYj 

+. . . D-by\ITl 

= WI(1 + BY) 

=C,V,/b(V,+ V) 

Total Z, T, = [Z] + [HZ] + . . . [HiZ] 

+ . . . [H&Z1 

= [Zl(l +Bz) 

Rearranging (1) gives 

T, + [HI - [OH] = UT, + bTy + CT, - ax[X] 

- @yWl- %[Zl 

In the equations above, Vx, V, and Vz are the 
volumes of titrant equivalent to each acid and /Ix, by, 

NX = 5 iKxc {HJiMFxz, 
,=I 

ay = ? iKyf {H)‘fyIFy, 
i= I 

c(= = 2 iKz8 {H}‘f,/F,,. 
i=l 

=Tx(a-j-$j-) 

+T,(b-&) 

++&) 
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Substituting for TX, T,, T, and TB from the mass- 
balance equations gives 

+$ + [H] - [OH] = 
0 

Hence 

(vo+ f”)(Wl-WI)+ v=~ca_B 
G 

X 

) 
a 

-I- ; (b - ey) + : (c - e,) (2) 

where 

Since pH = -log {H}, and the autoprotolysis con- 
stant for water is & = {H} {OH}, we obtain 

[H] = {H}/& = 10-PH/_& and 
KVf 

where fH is the univalent-ion activity coefficient. 
Rewriting equation (2), we obtain 

+ 2 (b - e,) + $ (C - 03 (3) 

In equation (3) the left-hand side and the functions 
f&, Bu and 0, can all be calculated from measured 
variables and known constants, and a, b and c are 
known, leaving the unknown equivalence volumes 
Vx, V, and Vz. Since a linear titration plot can 
resolve only two unknowns, we need a further piece 
of information, which will usually be obtainable from 
a different treatment of the same titration data or 
may come from the use of another analytical tech- 
nique. This extra information may be any one of 

One equivalence volume known 

Suppose one of the equivalence volumes, say V,, 
is known, then rearranging equation (3) gives the 
calculable function U,: 

u 

0 
= (vo + V)(W) - fGv/WJ) + vfHcB 

fHG(a -0~) 

vz(c - 0,) - 
c (a - 0,) 

A+!& 
a 

where U, = (b - &)/(a - 0,). Plotting U, against U, 
enables V, and V, to be calculated from the intercept 
and slope respectively. 

Exactly analogous functions (U,, U,) will be ob- 
tained if Vx or V, is known. 

Sum of two equivalence volumes known 

Suppose V,, = V, + V, is known, then rear- 
ranging equation (3) gives a calculable function U, 

u 

0 
= 0’0 + VW - &IV-W + VH G 

fH &(a - 64 

_ vyz(~ - ed 
c (a - 0,) 

where 

u,= :8,-B, 
( > 

/(a -e,). 

Plotting U, against U, enables Vx and Vy to be 
calculated from the intercept and slope respectively. 
Analogous functions (U,, U,) will be obtained if Vxu 
or V,, is known. 

Total equivalence volume known 

If VE is known, rearranging equation (3) gives a 
calculable function U, 

u _ (Vo + V)(W -&/P-W + %CB 
0- 

fH& EeZweX 

( > 

vdc - 0,) - 
eez-ex 
C 

+!p 

where 

uA=(:ez-ey)/(fjez-8,). 

Plotting U, against VA enables V, and Vy to be 
calculated from the intercept and slope respectively. 

Choice of plot 

The choice between the plots derived above de- 
pends on which equivalence volume can be deter- 
mined independently, but that leaves several vari- 
ations for each type of plot, depending on 
nomination of the acids as X, Y and 2. 

With perfectly accurate data, the nomination of 
acids would not matter, but with real pH values and 



association constants some choices are more con- One equivalence volume known 
venient than others. Of the functions 0x, By and 0r 
above, ox occurs the most frequently. If one of the 

If Vz is known, we obtain a calculable function U, 

acids is a strong acid it is convenient to nominate it 
as acid X, since this makes 0, = 0.0 and saves calcu- 

u 

0 
= (Vo + V)(P) - KvIW)) - VfH G 

fH ~,(a - 0,) 
lation. 

The weakest of the three acids, i.e., that with the 
largest association constants, should not normally be 

w -u 
- (kz - c)@ - ex) 

chosen as acid Y, since the large constants exaggerate 
the effect of any errors, especially at the extremes of 

vx VY 

the plot. With a graphical solution the outlying points 
=k,-cr+k,-b - UA 

are easily seen and can be ignored but with a com- where 
puted solution the selection of points becomes more 
difficult. 

u, = (b - e,)/ca - e,). 

It is also found that for graphical solution, nomi- A plot of U, against U, enables Vx and Vy to be 
nating the acids as X, Y and Z in order of increasing determined from the intercept and slope respectively. 
association constants gives the set of values for U, Analogous functions result if V, or V, is known. 
and U, that can most conveniently be handled, since 
the numbers tend to be neither very large (as when 
the weakest acid is Y) nor very small (as when the Sum of two equivalence volumes known 

weakest is X) and negative numbers are avoided. If Vvz is known, we obtain by rearrangement of 
Since the general theory involves activity equation (4) a calculable function U,: 

coefficients, the problem can only be solved iter- 
atively if the ionic strength is kept constant. In dilute u = P’o + VW) - 44-W - VfH C, 

solution (< 10e4M) it is, however, usually valid to 
0 

fH ~,(a - 0,) 

assume that activity coefficients can be set to unity, 
which makes iteration unnecessary. Experimental 

Vdc - ed 

verification is given below. - (kz - c)@ - 0,) 

vx VU 
=(k,+a)+(k,-b)uA 

Three weak bases 
where 

The derivation and notation are almost identical 
with that for three weak acids, except that C, is now uA = 

the concentration of the acidic titrant. One of the 
/(a - ex), 

bases may be a strong base, e.g., an alkali metal 
hydroxide, but no discrimination is possible between 

A plot of U. against U, allows Vx and Vv to be 

different strong bases. 
determined from the intercept and slope respectively. 

Instead of equation (3) for three weak acids, we 
Analogous functions result if V,, or V,, is known. 

obtain from the mass- and charge-balance equations Total equivalence volume known 

If VE is known, we obtain by rearrangement of 

equation (4) a calculable function U,: 
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= & (a - 0,) + & (b - 44 
X 

u 

0 
= U’o + V)(P) - W{H)) - VfH C, 

+ (kz - c) 
--+c -e,) vdc - 4) - 

( > f e, - ex 
To obtain any two of the equivalence volumes we 

C 

need to know from some other source one of the = v, + vu u, 
following: where 

v x9 vv, vz 

vxu= vx+ v,, 
fez-e, 

UA,C 
v,,= vu+ vz, fez-e,’ 

C 

vxz= vx+ vz, A plot of U, against VA allows Vx and Vv to be 
determined from the intercept and slope respectively. 
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Special case of strong bases 

With a strong base as X, say, in the general 
derivation, we would have [x] = [OH], but [OH] 
already occurs because of the autoprotolysis of water 
and no meaningful value can be given to Kx, and 
hence ax, px and f&. 

Carrying out the derivations for this special case 
gives sets of functions (U,, V,) corresponding to 
those for the general case. Assuming that the strong 
base is X, these special functions are obtained from 
the general ones shown above by assigning ox a value 
of 1 (with a =O, kx= 1, Z&=0.0). 

Choice of plot 

As with weak acids, the plots can take various 
forms, depending on the assignment of the bases as 
X, Y or Z. Similar considerations as those for acid 
mixtures apply; the strongest base (largest acid associ- 
ation constant) should be X, the next strongest, Y 
and the weakest, Z. Completely dissociated hydrox- 
ides such as sodium hydroxide are entered as X with 
K,=O.O and 0x=1. 

EXPERIMENTAL 

Apparatus 
Measurements were made with a Radiometer PHM64 

digital pH-meter, with Radiometer G204OC and K4040 
glass and calomel electrodes respectively. The sample solu- 
tion was contained in a water-jacketed glass titration cell 
(Radiometer V535) and the titrant was added from a 
Radiometer ABU. 13 piston burette. 

Reagents 
Stock solutions of 1M nitric and acetic acids were pre- 

pared from concentrated volumetric solutions (B.D.H.). 
Stock solutions of O.lM ammonium chloride, O.OlM ben- 
zoic acid, 0.1 M tris (hydroxymethyl) methylamine and 0.1 M 
sodium acetate were prepared from analytical-grade chem- 
icals. More dilute stock solutions, which were used to make 
up the titrated mixtures, were prepared by dilution of the 
stock solutions. 

Standard sodium hydroxide solution was prepared by 
dilution of saturated sodium hydroxide solution, which was 
dispensed under a nitrogen blanket into a container of 
deaerated demineralized water. This dilute solution was 
standardized potentiometrically against nitric acid. 

Titration procedure 
Different mixtures of acids or bases for titration were 

prepared by pipetting appropriate volumes of their standard 
solutions into the titration vessel and adding demineralized 
water to give an accurately known total volume of about 
20ml. Water (at 25”) was circulated through the water- 
jacket surrounding the titration vessel. 

The solution was stirred mechanically by the Radiometer 
TTA60 titration assembly. Nitrogen was passed over the 
surface of the solutions throughout the titration in order to 
prevent the absorption of atmospheric carbon dioxide dur- 
ing the alkaline phase of the titration. 

The titrant solution was added from a piston burette 
equipped with a digital counter. The volume added and the 
corresponding e.m.f. were noted when a steady trace was 
observed on a chart recorder connected to the pH-meter. 
Titrations with acid were continued until the pH was less 
than 4, those with base until the pH was greater than 9.5. 

The glass electrode was calibrated before each titration by 
reference to standard NBS buffer solutions (pH 4.008 and 
9.180 at 25”). 

Cakulations 
Calculations were done with the aid of an IBM 370 

computer and a FORTRAN program TREBLE. This pro- 
gram can tirst calculate the total equivalence volume by 
using Gran’s method6 and then automatically apply this 
result to the calculation of the functions ZJ, and U, required 
for resolving the mixture into its components. Literature 
values of equilibrium constants were used.’ 

PROPERTIES OF THE LINEAR 
TITRATION PLOTS 

The effect of systematic errors in pH and the 
association constants was investigated with 
computer-generated data for a hypothetical titration 
of lOO-ml portions of solution containing equal con- 
centrations of either three monobasic acids (Kx = 0.0, 
KY = 105, Kz = lo9 or KY = 0.0, KY = 104, Kz = 106) 
or three monoacidic bases (K, = 0.0, KY = lo”, 
K,= 105). Base X was sodium hydroxide and the 
titrant was l.ON strong base or acid as appropriate. 

In all the examples below, V, is the independently 
determined equivalence volume, but the functions are 
such that similar causes would produce similar devi- 
ations from the theoretical plots if Vz or Vvz were 
known. 

Eflect of an error in the association constants 

Figure 1 shows plots for the titration of a hypothet- 
ical acid solution with K, = 0.0, KY = lo’, Kz = 109. 
Use of an overestimate of KY produces deviations 
above the theoretical line over most of the plot and 
the effect of errors in K, is seen only as U, tends to 
its limiting value (b/a = 1) in this example). This is 
best seen in the inset. An overestimate of K, produces 
positive deviations and an underestimate results in 

Fig. 1. Effect of errors in the association constants on the 
plot for the titration of three acids (V, = 100 ml, Kx = 0.0, 
KY = 105, ~~ = 109, rx = Tv = T, = IO-*N). - the- 
oretical line; o-Kv = 1.1 x lo’, K, = 0.9 x 109; 
A-K, = 1.1 x lo’, K, = 1.1 x 109. &-coincidence of A 

and 0. 



negative deviations. The effect of an underestimate of (K, = 109) respectively. With stronger acids the errors 
KY is not shown, but the points are almost sym- are larger, e.g., the results in Fig. 2 for X (Kx = 0), 
metrically displaced to the opposite side of the the- Y (K, = 104) and Z (Kz = 106) gave errors of -2.3x, 
oretical line, from the positions shown in Fig. 1, -0.5% and +2.8x when fitted by least-squares over 
except where the effect of errors in Kz predominates the range 0 < U, c 0.97; the bigger deviations in this 
(the points then remain as shown in the inset). case are more clearly seen as U, tends towards unity. 

The titration of a hypothetical basic solution pro- 
duces plots that differ little from those in Fig. 1, Effect of an error in V, 

except that overestimates of KY or K, produce nega- Since an independently determined equivalence 
tive deviations from the theoretical line and under- volume is required in all the plots, an error in this 
estimates produce positive deviations, i.e., deviations volume will influence the ordinates of the plots. 
are in the opposite direction from those for acidic Figure 3 shows the effect of an underestimate of the 
solutions. total equivalence volume on the plot for a mixture of 

Effect of an error in pH 
three acids (Kx = 0.0, KY = 105, Kz = 109). The effect 
of the error in V, is seen only as U, approaches its 

Figure 2 shows the plot for the titration of an maximum possible value (i.e., U, > 0.99), the plot 
acidic solution (Kx = 0.0, KY = lo’, K, = 109) when then deviating above the theoretical line. For an 
the pH values used are in error by + 0.05 (V, known). overestimate of VE, the deviation would be below the 
As U, tends to a constant value (unity in this case), line. In practice there would be no difficulty in using 
the deviations from the theoretical line become large a plot such as that in Fig. 3 to determine V, and V, 
but these points are easily discerned and would be accurately, but the error in VE would be transmitted 
ignored in a graphical solution of the plot. Low pH to Vz. This problem is worse when V, + Vy 9 Vz. 
values produce deviations above the theoretical line 
and the effect of an error of -0.05 pH units would 20 

be virtually a mirror image of that shown. 4 
In the titration of bases, the deviations produced / d 

by an error in pH are opposite to those for the 
titration of acids. An error of -0.05 pH units in /’ 
titration of a mixture of bases (K, = 0.0, KY = 109, 
K, = 105, each base O.OlN) would give a plot virtually 
indistinguishable from that shown in Fig. 2 for an 
error of +O.OS pH units in the hypothetical titration 
of acids. 

Figure 2 shows that although a systematic error of 
0.05 pH units produces considerable deviations from I I J 

the theoretical line as U, tends to its limiting value, 05 10 

deviant points can be easily identified and the plot 
remains useful over 95% of its range. Titrating an 

u, 

acidic solution when the pH has a negative bias 
Fig. 2. Effect of an error of +0.05 in pH on plots for the 
titration of three acids 

results in an overestimate of the strongest acid (X) 
(T, = r, = T, = lo-*IV). 

O--V0 = 100 ml, KC, = 0.0, KY = 105, K, = 109; 
and an underestimate of the weakest acid (Z). Ti- A-V, = 100 ml, Kx = 0.0, KY = 104, K, = 106; - the- 

trating an alkaline solution when the pH has a oretical line for both plots. 

negative bias results in an underestimate of the 
strongest base (X) and an overestimate of the (Z) . 

20 - 
weakest base. The effect on the intermediate (Y) acid 
or base is unpredictable, since a real titration pro- 
duces only a limited number of data points, which 

l I2 

/ . 

cannot be guaranteed to be symmetrically distributed 
within the range 0 < U, < b/a. Depending on this 

3 

distribution, the intermediate acid or base may be 
E 15- 

either over- or undirestimated. 
s / 

A positive bias in pH produces errors opposite 
and almost equal to those described above. Ran- / 

. 

dom errors in pH result in scattered plots and hence /* 
less precisely known but unbiased concentrations. 

The errors produced by as large a bias in pH as 'Or- 

0.05 units are still fairly small, e.g., for the results 
shown in Fig. 2, a least-squares fit of the points in the 
range 0 c U, < 0.997 gave errors of - 1.6x, +0.6x 

Fig. 3. Effect of an error in VE. V, = 100 ml, K, = 0.0, 
KY = 105, K, = 109, TX = T, = T, = 10m2N acid. - the- 

and + 1.0% for acids X (Kx = 0), Y (KY = 10’) and Z oretical line (V, = 3.0 ml) +-calculated with VE = 2.5 ml. 
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RESULTS 

Acidic solutions 

Table 1 shows that moderately concentrated mix- 
tures of three acids (each 1-5 x lo-‘IV) with widely 
spaced association constants can be analysed with 
errors of l-2% for two of the components and I-10% 
for the third (Runs 1.1 and 1.2). When two of the acids 
have similar association constants, e.g., acetic and 
benzoic acids, the analysis tends to be less accurate 
(Run 1.3), although even with three similar acids 
(Run 1.4) the error for one component can be less 
than 10%. 

In more dilute mixtures (each acid 10-5-10-4N) 
the results were less accurate, since the errors for 
acids with widely spaced association constants (Runs 

2.1-2.3 of Table 2) could exceed 10% and resolution 
of acetic and benzoic acids (Runs 2.4 and 2.5) was 
poor. 

Effect of neglecting activity coeficients 

Since the time required for calculation is much 
reduced if activity coefficients can be neglected, linear 
titration plots for Runs 1.1 and 2.1 were calculated 
with and without activity-coefficient corrections. The 
results and a selection of data points from these runs 
are shown in Table 3. At the lower ionic strength 
(- 10m4) of Run 2.1, activity coefficients have a 
negligible effect on the co-ordinates (U, , U,). Least- 
squares fitting of the results gives equivalence vol- 
umes that differ by less than 2% from the values with 
activity corrections, but it is doubtful whether the 

Table 1. Analysis of moderately concentrated mixtures of acids 

Run 

Composition (meq/l.) Concentrations found, meqll. 

X Y Z Total X Y Z Total pH range 

1.1 nitric (5) acetic (1) ammonium (1) (7) 5.04 1.01 1.01 7.06 4.0-5.2 
5.05 0.99 1.02 7.06 4.1-8.3 

1.2 nitric (4) acetic (1) HTris+ (1) (6) 3.97 1.11 1.01 6.10 3.9-7.4 
1.3 nitric (5) benzoic (1) acetic (1) (7) 5.13 1.20 0.78 7.11 3.2-4.7 
1.4 monochloroacetic (1.82) benzoic (1.82) acetic (1.82) (5.46) 1.86 1.89 1.70 * 3J34.0 

*Theoretical total equivalence volume supplied to the program 

Run 

Table 2. Analysis of dilute acid mixtures 

Composition (peq/l.) Concentrations found, peq/l. 

X Y Z Total X Y Z Total pH range 

2.1 HNO, (50) HOAc (15) NH: (50) (115) 
2.2 HNO, (100) HOAc (60) NH: (20) (180) 

2.3 HNO, (50) HOAc (60) NH: (50) (160) 
2.4 HNO, (50) HOBz (60) HOAc (50) (160) 
2.5 HNO, (50) HOAc (100) HOBz (60) (210) 

*Theoretical total equivalence volume supplied to the program. 

45.9 17.2 51.8 * 5.M.4 
102.9 64.2 12.9 * 4.1-6.0 
75.1 91.8 3.8 170.7 4.4-6.0 
42.8 67.8 49.4 * 4.4-6.5 
43.2 65.6 55.7 164 4.0-5.1 
50.9 46.5 112.5 210 4.0-4.6 

V, ml pH 

Table 3. Effect of neglecting activity coefficients 

Activity coefficients used Activity coefficients = 1.0 

10 u* G 10 u* ULl 

Run l.l* 
1.050 4.047 
1.111 4.538 
1.146 4.803 
1.200 5.307 

Run 2.lt 
0.326 5.010 
0.360 5.189 
0.396 5.493 
0.434 6.420 

1.751 1.071 
3.965 1.118 
5.480 1.149 
7.949 1.201 

vx = 1.035 
V, = 0.209 
V, = 0.206 

6.450 0.395 
7.330 0.406 
8.469 0.419 
9.790 0.436 

V, = 0.318 
v,=o.119 
v7 = 0.359 

1.636 
3.769 
5.272 
7.806 

6.423 
7.306 
8.453 
9.787 

1.069 
1.117 
1.149 
1.201 

1.036 
0.213 
0.201 

0.394 
0.405 
0.418 
0.436 

0.316 
0.121 
0.359 

* VO = 20 ml, Ca = 0.0965N. 
t V, = 25 ml, C, = 0.00361 N. 
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co-ordinates could be plotted precisely enough for 
this difference to be discernible in a graphical evalu- 
ation of the equivalence volumes. 

At the higher ionic strength (-7 x 10e3) of Run 
1.1, the effect on the co-ordinates is more noticeable, 
especially for U,, but the difference in the equiv- 
alence volumes is at most 2.5%. 

Determination of the total equivalence volume 

All the results in Tables 1 and 2 were obtained with 
plots that used VE as the independently determined 
equivalence volume. V, was determined by Gran’s 
method,6 with pH data from the extremes of the 
titration curves. With solutions containing no ammo- 
nium ions, V, could be determined accurately from 
data at pH > 9, but when ammonium ions were 
present, data in the pH range 10.2-l 1.0 were needed 
for accurate results. In the runs in Table 2 it was not 
possible to add enough titrant to reach such high pH 
values and VE was underestimated by 30% when 
calculated from data at pH below 9.5, so the expected 
value of VE was used for the calculations. The 
inability to reach the required pH was peculiar to 
these runs and is not a general problem. 

Alkaline solutions 
Results for mixtures of sodium hydroxide, ammo- 

nia and sodium acetate showed low (7~80%) recov- 
eries of sodium hydroxide, although the errors in the 
other components were smaller. It was decided that 
with the apparatus used, protection against con- 
tamination with carbon dioxide was inadequate and 
that acidification of the solutions, followed by back- 
titration, was more practical. 

DISCUSSION 

Linear titration plots have been used to analyse 
mixtures of three acids, a titration problem for which 
a solution has not been reported, even with use of 
such theoretically powerful methods as multi- 
parametric curve-fitting.* Moreover, the method has 
been applied at concentrations below 10e4N. The 
method requires that one of the equivalence volumes 
(or the sum of two or three of them) can be deter- 
mined independently. If this is possible the resultant 
plot is little more complicated than that for a mixture 
of two acids and the co-ordinates can easily be 
calculated with the aid of a programmable calculator 
if activity coefficients are either kept constant or, in 
dilute solution, neglected. As with all linear titration 
plots, the method can cope with polyfunctional acids 
or bases and is independent of the existence of points 
of inflexion in the conventional titration curve of pH 
against volume added. 
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ETUDE POLAROGRAPHIQUE DU NIOBIUM DANS LES 
MELANGES EAU-FLUORURE D’HYDROGENE EN 

PRESENCE D’IONS TETRAALKYLAMMONIUM 

HUGIIES MENARD et REIEAN BEAUDOIN 

Departement de chimie, Faculti des sciences, Universite de Sherbrooke, Sherbrooke, Quebec, Canada 

(Requ le 28 juin 1983. Revisk le 11 novembre 1983. AccepJ le 13 janvier 1984) 

RQu&-On a etudit la reduction polarographique du niobium sous forme du complexe NbF; dans les 
melanges eau-fluorure d’hydrogene jusqu’l 50% p/p. L’addition d’ions tttraalkylammonium dans ce 
melange permet le deplacement du potentiel de reduction de l’hydrogene et le dosage du niobium par 
polarographie impulsionnelle differentielle a une limite de detection inferieure a 1 ppm. En presence d’ions 
tetraalkylammonium, on observe une hausse importante du courant de reduction du niobium aux 
concentrations en HF oti le complexe non rtductible NbOF:- est preponderant. 

11 est connu qu’en polarographie le potentiel de 
degagement d’hydrogene se d&place dans le sens 
positif lorsqu’on augmente la concentration en acide 
de I’blectrolyte de support, ce qui peut devenir genant 
pour l’analyse dun ion metallique dont le potentiel 
de demi-vague est assez negatif. La reduction du 
niobium’ s’effectue a un potentiel proche de la reduc- 
tion de l’hydrogene, ce qui limite le seuil de detection. 
11 est clair que tout d&placement negatif du potentiel 
du degagement de l’hydrogene qui n’affecterait pas le 
potentiel de demi-vague du niobium amtliorerait la 
limite de detection. 

Dans le but de dtplacer le potentiel du mur de 
reduction de l’hydrogene et d’etendre le domaine utile 
dans les melanges eau-fluorure d’hydrogene de 
l’ordre de SO%, nous avons ajoute des hydroxydes de 
tttraalkylammonium. La concentration du HF ttant 
de 24&f, le pH de la solution est inchange par 
l’addition d’une faible quantite d’hydroxyde. 

Gierst et aL2 ont deja effect& une etude du 
comportement des ions tetraalkylammonium a 
l’interphase mercure-solution. Les travaux ont dt- 
montre que (1) ces ions sont specifiquement adsorb&, 
(2) l’adsorption est principalement localisde dans le 
domaine de charges negatives; (3) l’adsorbabilite croit 
avec la longueur de la chaine carbonee, c’est-a-dire 
avec le caractere hydrophobe de l’ion; (4) la cinttique 
de l’adsorption aux faibles concentrations peut etre 
controlee par le transfert massique vers la surface. 

PARTIE EXPERIMENTALE 

Les produits utilisbs sont du KF certifie de Fisher, 
Me.,NOH et EtaNOH reagent de B.D.H., Pr,NOH reagent 
de Eastman et Bu,NOH reagent de Baker, NbzO, 99.9% de 
Alfa Product, et HF J. T. Baker 49,1%. 

La cellule polarographique est constituee d’un b&her en 
polymethylpentane dune capacite de 50 ml surmonte d’un 
couvercle de Teflon qui sert a maintenir les electrodes. 
L’blectrode de reference au calomel sature est munie dune 
double jonction dparee de la solution par une gaine de 
Teflon et un disque de polyethylene poreux. L’electrode 

auxiliaire est un fil de platine. L’tlectrode de travail est un 
capillaire polarographique Sargent-Welch S-2417 recouvert 
de polyethylene’ et dont la p&iode de chute est contri%e par 
un dispositif Clectronique r&dis& dans nos ateliers. Tous les 
potentiels se referent a l’blectrode de calomel sature. 
L’analyseur polarographique PAR est le modele 364 (ou 
174); la table traqante est une Techneurop, Sefram T.G.M. 
101. 

Les solutions de niobium sont preparees de la fa9on 
suivante: le Nb,O, est dissous dans du HF puis la solution 
est &vapor&e, le rdsidu est ensuite redissous dans HF 49,1x. 
La solution-m&e est diluee avec de l’eau d6mintralide ou 
du HF pour obtenir la concentration en acide et en niobium 
d&sir&e. La solution de tetraalkylammonium est ajoutee 
immediatement avant la mesure. 

RESULTATS ET DISCUSSIONS 

En milieu fluorure d’hydrogtne SO%, le niobium 
sous forme de complexe NbF; se reduit de facon 
reversible a un potentiel de -0,880 V vs. E.C.S. 
[equation (l)].’ 

Nb(V) + e - + Nb(IV) (1) 

On peut done prevoir que le potentiel de reduction ne 
sera pas deplace par addition d’esp&ces adsorbees a 
l’electrode, mais que la valeur du courant de diffusion 
sera susceptible de varier. Le courant de reduction 
mesurt varie db qu’il y a presence dune faible 
concentration d’ions tetraalkyalmmonium. La vague 
de reduction de l’hydrogene est deplacee cath- 
odiquement, permettant une meilleure definition de 
l’onde du niobium. 

L’augmentation graduelle de la concentration en 
ions tetramtthylammonium (Me,N+) provoque un 
accroissement de la hauteur de la vague de reduction 
du niobium, en polarographie impulsionnelle 
differentielle (P.I.D.) et un deplacement du mur de 
reduction de l’hydrogene vers des potentiels plus 
negatifs. 

La figure 1 montre les polarogrammes P.I.D. ob- 
tenus pour plusieurs concentrations de Me4N+. 
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Fig. 1. Polarogrammes (P.I.D.) d’une solution de niobium 
2,25 x lo-‘A4 dans: (1) HF 49,1x, (2) HF 49,1x 
+Me,NOH 0,012M; (3) HF 49,1%+Me,NOH 0,17M. 

L’augmentation du pit de rbduction est rapide 
jusqu’$0,25M et le d&placement du mur de reduction 
de l’hydroglne suit une progression semblable. 

Ce gain de courant de pit est attribut $ la sou- 
straction du courant residue1 constituC prin- 
cipalement par la reduction de l’hydrogkne. Bond et 
Grabaric4 ont mis au point un systtme de traitement 
mathtmatique pour soustraire le courant rCsidue1 
en polarographie impulsionnelle diffkrentielle. 
L’approche consiste A calculer, A l’aide d’un ordi- 
nateur, 1’Csuation de la courbe du courant r6siduel et _ 
soustraire sa valeur du pit de rCduction de l’esptce 
Clectroactive. Dans notre cas, l’addition de l’ion 
tCtraalkylammonium diplace le mur de reduction de 
l’hydrog8ne et diminue le courant rksiduel sous la 
vague de rkduction du niobium. 

IOO(LA 

i 
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Par ailleurs, le dtplacement du mur de rkduction de 
l’hydrogtne suit la m&me progression que la hauteur 
de la vague de rkduction du niobium. Nous sommes 
done dans un cas oh le d&placement du mur de 
reduction de I’hydrogene peut Ctre attribuC B un effet 
$a*, (le potentiel au plan externe d’Helmholtz modifit? 
par l’esp&e adsorb&e), alors que le taux de re- 
couvrement de l’ltlectrode est faible.2 

Dans le cas de l’ion tttraithylammonium (Et,N+) 
la vague du niobium diminue, puis se stabilise. La 
figure 2 montre la diminution rapide du pit en P.I.D. 
pour des concentrations allant jusqu’8 3,5 x 10-2M 
Et4N+. Le d&placement du mur de rkduction de 
l’hydrogtne est le plus important de tous ceux 
mesurts dans la strie des quatre ions tttra- 
alkylammonium Ctudiks. 

L’explication de ces rtsultats est li6e d l’importance 
du recouvrement de 1’64ectrode pour cette concen- 
tration. Nous avons une diminution du courant 
jusqu’g ce que le recouvrement soit maximal, aprts 
quoi la vitesse de rtduction demeure constante. Nous 
pouvons donner une explication semblable pour le 
d&placement du mur de rkduction de l’hydrogine 
lorsque le recouvrement de l’blectrode est maximum, 
le potentiel $&. de 1’Blectrode devient constant et le 
potentiel observC pour la rkduction de l’hydrogene ne 
se dtplace plus. Le dkplacement est plus important 
que dans les autres cas, parce que le retard est A la 
fois dO A l’effet $a* et au recouvrement de l’&lectrode.2 

L’ion tCtrapropylammonium (Pr,N+) agit de la 
m&me faGon que le Et4N+. La figure 3 montre que la 
hauteur du pit en P.I.D. diminue rapidement jusqu’ti 
la concentration de 3,5 x 10-4M pour ensuite se 
stabiliser g une valeur trc% faible. Le d&placement du 
mur d’hydrogene presente une tendance analogue. 
On explique ce comportement par le fait que cet ion 
est beaucoup plus volumineux que le prtcitdent dans 
la strie alkyl et qu’il recouvre beaucoup plus 
l’blectrode. 

I I I 

0.6 48 I.0 I,2 

V vs. EC.S 

Fig. 2. Polarogrammes (P.I.D.) d’une solution de niobium 
2,25 x 1OVMdans: (1) HF 49,1x; (2) HF 49,1%+Et,NOH 
0,69 x lo-*M; (3) HF 49,1x + Et,NOH 1,39 x 10-2M; (4) 
49,1x + Et,NOH 2,08 x 10-‘&f; (5) HF 49,1x + Et.,NOH 

Fig. 3. Polarogrammes (P.I.D.) d’une solution de niobium 
2,25 x 10-SMdans: (1) HF 49,1x; (2) HF 49,1x + Pr,NOH 
1,lS x 10m4M; (3) HF 49,1x + Pr,NOH 3,35 x 10m4M; (4) 

3,43 x IO-ZM. HF 49,1x + F’r4NOH 9,41 x 10-4M. 
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Fig. 4. Polarograrnmes (P.I.D.) d’une solution de niobium 
2,25 x lo-)A4 dans: (1) HF 49,1x; (2) HF 49,1x + 
Bu,NOH 144 x lo-‘M; (3) HF 49,1x + Bu,NOH 4,16 x 
10-5M; (4) HF 49,1x + Bu,NOH 6,68 x IO-‘M; (5) HF 

49,1x + Bu,NOH 7,87 x lo-‘M. 

Lion tttrabutylammonium (Bu,N+) agit de man- 
i&e beaucoup plus importante comme le montre la 
figure 4. Le pit en P.I.D. diminue rapidement pour 
disparaitre completement a une concentration de 
9 x 10m5M. 11 n’y a pas de stabilisation de la hauteur 
du pit comme dans les autres cas car sa disparition 
survient avant que le recouvrement soit maximal. 
Ceci est dimontrt par le fait que le mur de reduction 
de l’hydrogtne se deplace encore rtgulierement dans 
la region de concentration en tetrabutylammonium 
oi le pit du niobium disparait. 

Nous avons quantifit l’effet des ions Me,N+ et 
Et4N+ sur le pit P.I.D. de reduction du niobium a 
plusieurs concentrations de HF en calculant la resolu- 
tion du pit. On calcule la resolution en mesurant la 
hauteur du pit (Z&) divisee par la largeur (1) a 10% 
de la hauteur et par la valeur du courant residue1 
(H+,) aprb le pit: 

H. 
resolution = plc 

l&, 

Etude polarographique du niobium 

25 30 35 40 45 50 
% HF 

Fig. 5. Resolution des polarogrammes P.I.D. du niobium en 
fonction de la concentration en HF et en presence de 

Me4N+: (a) OM; (b) 0,05M; (c) 0,20M; (d) 0,32M. 

resolution est maximale pour une concentration en 
HF de 40%. Dans cette region, le mur de reduction 
de l’hydrogene est assez loin du pit de reduction du 
niobium pour permettre une bonne resolution et 
l’tquilibre entre les esptces NbF; et NbOF:- favorise 
encore l’esptce reductible. 

La resolution pour des concentrations en HF plus 
faibles que 40% est meilleure que pour HF 50% mais 
la hauteur du pit est diminuee par l’tquilibre entre les 
deux complexes du niobium. Dans HF 40% et en 
presence de 0,015M Et,N+, on peut doser 1 ppm 
comme le montrent les polarogrammes de la figure 7. 

L’addition des ions Me,N+ et Et,N+ ameliore 
beaucoup plus la resolution lorsque la concentration 
en HF diminue. Les figures 5 et 6 montrent que la 
resolution du pit dans la region de 25 a 35% en HF 
devient suffisamment elevee pour permettre le dosage 
du niobium. Cependant, la resolution n’est pas mod- 
ifee par le d&placement du mur d’hydrogene mais par 
une augmentation du courant de reduction comme le 
montrent les figures 8 et 9. Le dosage du niobium 
dans ces solutions est rendu difficile a cause de 
I’iquilibre entre les deux complexes qui peut &tre 
modifit par les especes en solution. 

Dans HF commercial 50x, la presence de ces ions 
permet d’augmenter de 30% la resolution du pit de 
reduction du niobium. Un exces de ceux-ci provoque 
l’effet contraire en diminuant sensiblement le courant 
de reduction. 

La concentration en HF a un effet important sur 
la hauteur du pit de reduction du niobium a cause de 
l’tquilibre entre le complexe rtductible NbF; et le 
complexe non rtductible NbOF:-.‘~S~6 

HNbF, + Hz0 $ H, NbOF, + HF (3) 

Les esptces HNbF, et HZNbOFs sont des esplces 
ionisables fortement solvatees. 

Les courbes (a) des figures 5 et 6 montrent l’effet 
de la concentration en HF sur la resolution du pit 
obtenu en absence d’ions tetraalkvlammonium. La 

25 30 35 40 45 50 
% HF 

Fig. 6. Resolution des polarogrammes P.I.D. du niobium en 
fonction de la concentration en HF et en presence de Et4N+: 

(a) OM; (b) 0,025M; (c) 0,lOM; (d) 0,30M. 
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Fig. 9. Hausse du courant de reduction du niobium en 
pr6sence de EtdN+ pour des solutions de HF: (a) 49,3; (b) 

39,3%; (c) 29,5%; (d) 25,5%; (e) 19,6%. 
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Conclusions 

Fig. 7. Polarogrammes P.I.D. du niobium, 1 ppm: (a) HF 
40%; (b) HF 40%, Et4N+ 0,015M. 

Les ions Me4N+ et Et,N+ deplacent le mur de 
reduction de l’hydrogtne et affectent peu le pit en 
P.I.D. de reduction du niobium. Les ions Pr,N+ et 
Bu,N+ provoquent la disparition de la vague du 
niobium. La resolution du pit en P.I.D. peut dtre 
amelioree de 30% dans HF commercial a 50%. Pour 
des concentrations en HF plus faibles, la resolution 
est accrue par une augmentation du courant de 
reduction. Lion Et,N+ donne le plus grand de- 
placement de mur de reduction de l’hydrogbne et 
donne accb a une limite de detection inferieure a 1 
ppm de Nb(V) dans HF 40%. 

900 0,os 016 924 0.32 

Concentration (M) 
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Summary-An experimental method for effectively measuring the change of diffusion current of a metal 
ion in the presence of increasing concentration of a complexing ligand is described and applied to five 
metal-ligand systems. The method has been applied to cases of reversible and irreversible electrochemical 
behaviour and is shown to provide reliable formation-curve data. The systems selected have formation 
constants which range over some ten orders of magnitude and in most cases the values obtained agree 
satisfactorily with those reported in the literature. In one case equilibrium data have been calculated for 
the first time. 

There are a number of practical problems associated 
with manipulation and measurement in the exam- 
ination of a large number of solutions containing a 
given metal ion, supporting electrolyte and complex- 
ing agent. If a great many data points are needed for 
use in subsequent calculations, the many solutions 
required can prove very costly in the case of some 
ligands and must always prove costly in terms of 
time. Further, the parameters measured may depend 
in a particularly sensitive way upon the concentration 
of metal ion; this is noticeable in the case of diffusion 
currents. It can prove to be an extremely difficult 
matter to ensure that precisely the same analytical 
concentration of metal ion is present in each separate 
solution. 

Dilution techniques have been used, but in 
differing ways. Aggarwal et al.’ “titrated” a solution 
containing metal ion, supporting electrolyte and the 
maximum amount of ligand with a solution contain- 
ing the same concentration of supporting electrolyte 
and metal ion as the “titrand”. In this case, however, 
half-wave potentials were of prime concern. Lane et 
al.* used a similar method for complexes of thiourea 
and substituted thioureas. Again, these authors’ main 
aim was the determination of half-wave potentials, 
although they reported current variations which sub- 
sequent analysis appears to support as entirely re- 
liable. Crow and Fonseca’ have even applied a similar 
dilution method in cases where an indicator ion is 
used to supply information regarding the complex- 
ation of a further metal ion. 

It is noticeable that the diffusion-current data 
reported by authors who have worked with individu- 
ally prepared solutions often vary in an erratic man- 
ner with increase in ligand concentration. This is 
undoubtedly due not only to the difficulty in re- 
producing in a large number of solutions an identical 

(and usually very low) concentration of metal ion, 
but also to the difficulty of exactly restoring electrode 
parameters after replacement of working solutions. 
The fewer the disturbances introduced during the 
whole process of measuring either currents or poten- 
tials as a function of ligand concentration, the more 
satisfactory are the resulting data likely to be. Any 
method which starts with, and maintains during its 
application, a single sample of metal ion while addi- 
tions of ligand are made in stages (as with titrations 
based on pH-measurements) offers attractive advan- 
tages. 

An extremely simple and economical technique 
based upon this principle, and intended for mea- 
surements of polarographic diffusion currents, has 
been successfully applied to a large number of com- 
plexation systems, with equilibrium data which cover 
many orders of magnitude. It amounts to a titration 
technique; the “titrand” consists of a solution con- 
taining the metal ion in question (normally at a 
concentration of lo-‘M) together with a suitable 
non-complexing supporting electrolyte (normally 
O.lM). The “titrant” consists of a solution containing 
exactly the same concentration of the supporting 
electrolyte and as high a concentration of the re- 
quired ligand as is consistent with its solubility and 
the expected stability and extent of co-ordination 
with the metal ion. 

EXPERIMENTAL 

A very carefully measured volume (usually 50ml) of 
“titrand” was placed in a dry polarographic cell. The 
various electrodes were dried before insertion into the 
solution, which was deoxygenated by passage of a gentle 
stream of oxygen-free nitrogen for 20 min. Care was taken 
over the drying, in order to avoid any dilution by means 
other than addition of “titrant”. The temperature of the 
solution was maintained at 25 + 0.1” by means of a water 
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jacket fed from a bath by a thermostatically controlled 
circulator (Grant Instruments Type SIJS). After the solu- 
tion had stood for 2 min with nitrogen passing gently over 
the surface, a polarogram was run on a Princeton Applied 
Research Model 174A Polarographic Analyzer. The set- 
tings controlling current range, start potential, scan-rate, 
damping, drop-time, etc. were adjusted as appropriate and 
thereafter were kept unchanged during the remaining 
measurements. 

Small increments of “titrant” were then added and be- 
tween additions careful deoxygenation (for 3 min, which 
also ensured restoration of temperature equilibrium) was 
followed by standing for 2 min with nitrogen passing over 
the surface and then a polarogram was run. Each dilution 
and deoxygenation phase was reproduced as exactly as 
possible. The essential features of the technique are as 
follows. 

(i) Wave heights decrease during the addition of “titrant” 
due to (a) dilution and (b) complexation of the metal ion 
with the ligand component of the “titrant”. 

(ii) The supporting electrolyte concentration remains 
constant so that, for neutral ligands, the ionic strength 
remains constant. 

(iii) Observed diffusion currents, iOb6, (measured at a 
constant potential throughout the range of ligand concen- 
tration used) may be corrected for the dilution effect by 
means of the “amperometric” relationship involving the 
initial (V) and incremental (a) volumes, viz. 

v+v 
‘co,, = hs 

(-1 V 

(iv) The concentration of ligand ([Xl) in each effective 
working solution produced after each addition of “titrant” 
may be estimated from the relation: 

[Xl= c & 
( > 

where C is the concentration of ligand in the titrant solution. 

RESULTS AND DISCUSSION 

Cadmium-thiourea 

Figure 1 shows the values of diffusion current, 
obtained from experimental data, plotted against the 
calculated values of thiourea concentration. Al- 
though there is scatter of the points, as expected, the 
large number of points allows a more reliable curve 
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Fig. 1. Corrected diffusion current values plotted against 
calculated values of ligand concentration for the system 

cadmium-thiourea. 

to be drawn through them. For subsequent 
analysis--either from the pseudo-formation curve or 
from the functions (B - D,xjFinterpolated values 
of id at convenient values of free ligand concentration 
were used. Values of the diffusion coefficients for the 
various complex species were calculated by the meth- 
ods described earlier4 and the methods of graphical 
analysis were applied. The values /I, = 20 f 2; 
/I*= 142 f 30; /.&=(4Sf 1.0) x 102; &=(1.2+0.2) 
x 10’ compare very favourably with the previously 
reported data. 

Cadmium-urea 

Although the shift in half-wave potential of the 
cadmium ion induced by a 2M urea concentration 
was only about 0.01 V (and so made estimation of 
formation constants, and even perhaps the assump- 
tion of complexation, dubious) the change in 
diffusion current was quite substantial; Ai,, was about 
2 PA, approximately 15% of the value for the simple 
metal ion (Fig. 2). “Titration” with 2M urea/O.lM 
potassium nitrate solution yielded the data shown in 
Fig. 3. 

At first sight this polarographic behaviour is very 
unusual; the almost negligible change in half-wave 
potential suggests that the extent of complexing 
between cadmium ion and urea is negligible, whereas 
the relatively large change in diffusion current would 
suggest that significant association between the two 
species had occurred. It is possible that the reduction 
in current could have arisen from causes other than 
complexation, such as adsorption of the ligand at the 
electrode surface so that the environment within 
which the aquo ion underwent reduction was 
changed. If this or some other such effect was oper- 
ative, it would not be expected that a realistic analysis 
for equilibrium data would be possible. In practice, 
however, very clearly defined data emerged. In any 
case, urea complexes are not unknown and there have 
been investigations made of the distinguishing fea- 
tures of those containing oxygen- or nitrogen-bonded 
urea.s. 

The graph of calculated log FA data us. log [urea] 
shows a limiting slope of 1.9 in the region corre- 
sponding to the maximum amount of urea (Fig. 4). 

At this stage there is no indication whatever of the 
extent of co-ordination, but since the limiting slope 
should approximate to N/k (N being the maximum 
co-ordination developed and k being defined by 
k log F; = log Fo) it is clear that k can have the values 
1.05, 1.58 or 2.11, corresponding to N = 2, 3 or 4. 
Somewhat surprisingly, graphical analysis (by the 
methods described previously) was only successful for 
k N 2.11 and the following preliminary set of equi- 
librium data was obtained: /I, = 7.0; /I2 = 18; j-I3 = 30; 
b4 = 144. Subsequent analysis in terms of (b - D,,,) 
functions yielded the values /I, = 7.0; /I2 = 23; /I3 = 44; 
fi4 = 88. The two sets of data agree satisfactorily 
enough and show the common characteristic noticed 
earlier, viz. that analysis by means of the pseudo 
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Fig. 2. Polarograms (d.c.) of lo-‘M Cd2+ in 0.M KNO, in the absence (a) and presence (b) of 2.OM 
urea. Both waves start at -0.4 V OS. SCE. 

formation-curve tends to produce an overestimate in obtain equilibrium data corresponding to four com- 
the value for the highest complex. plexes. 

Cadmium-imidazole 

For this system reliable formation-constant data 
from a number of sources are reported in the litera- 
ture. The values are so high that when cadmium ions 
are present the difference between total and free 
imidazole concentration is by no means negligible 
unless the total cadmium concentration is very small 
indeed relative to that of the ligand. The overall 
changes in diffusion current are small6 and, because 
of the higher stability of the complexes, are maximal 
at fairly low ligand concentrations. These features 
were seen as providing a particular challenge to both 
the methods of calculation and the experimental 
technique for obtaining the small changes in current. 

Selected F,, and derived data are given in Table 1. 
Values for the first three formation constants are of 
the same order as reported previously, although that 
for /I4 is more than an order of magnitude higher than 
expected. This is undoubtedly due to two causes, (i) 
the general tendency for calculation by means of the 
pseudo formation-curve to produce a high result for 
the highest complex, (ii) the manipulation of data 
obtained for ligand concentrations corresponding to 
the lower complexes in order to generate equilibrium 
data for complexes of higher co-ordination. 

A preliminary range of Aid vs. [imidazole] data was 
obtained by means of manually plotted polarograms 
on individually prepared solutions containing 
5 x 10-4M cadmium, O.lM potassium nitrate and 
imidazole varying up to a maximum of 0.04M. 
Although co-ordination with 0.04M imidazole was 
incomplete (ii N 2.5), the results could be analysed to 

Since only a very low cadmium concentration was 
used in the investigations above, the difference be- 
tween total and free ligand concentration is not very 
great except at the lowest values of the latter. How- 
ever, when using the “titration” technique it was 
desirable to have large diffusion currents and accord- 
ingly a metal ion concentration of 2 x 10e3M was 
used. This fairly high value caused a significant 
difference between the total and free imidazole con- 
centrations and provided a useful means of testing 
the methods adopted for correction of the experi- 
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3. Graphs of observed (0) and corrected (0) diffusion currents us. calculated ligand concentration 
for the system cadmium-tbiourea. Inset shows the derived pseudo-formation curve. 

mental data. Further, correction of the observed 
currents to allow for any variation in residual current 
at the potential at which values of Ai,, were deter- 

mined, was of less significance. In fact, the base-lines 
yere virtually horizontal for the experimental polaro- 
grams at the sensitivity settings required. A plot of 
corrected diffusion current us. imidazole concen- 
tration is shown in Fig. 5. Although the scatter of 
points increases at the highest concentrations, this is 
offset by the large number of data points obtainable, 
giving enhanced confidence in the final curve drawn. 

A plot of directly observed Aid values US. ii values 
estimated from literature values of the stability con- 

stants, though approximately linear, does not pass 
through the origin. This is to be expected since the 
free imidazole concentrations for which the fi values 
were calculated did not correspond to the actual free 
ligand concentrations at which the Aid values were 
obtained. In the case of a system for which the 
equilibrium data are quite unknown, it is necessary to 
have a reliable means of deducing the free concen- 
tration of complexing agent. The results which follow 
show how this can be done. 

Integration of the pseudo-formation curve, drawn 
simply as a plot of Ai,, us. total analytical concen- 
tration of imidazole, provides F, data according to 

Table 1. Selected values of F, and derived functions estimated from the 
pseudo-formation curve for the cadmium-imidazole system at 25”: 

[Cdz+] = 5 x 1O-4M, [KNO,] = O.lM 

[Imidazole], 
M F, F, F, F, FA 

0.000 1.00 
0.002 3.00 
0.005 9.42 
9.008 21.9 
0.010 36.0 
0.015 105.1 
0.020 251.6 
0.025 539 
0.030 1016 

- - - 
1.00x103 1.50x105 - - 
1.68 x 103 1.97 x 105 1.34 x 10’ - 
2.62 x 10) 2.40 x lo5 1.37 x 10’ - 
3.50 x 10’ 2.80 x lo5 1.50 x 10’ 9.0 x lo* 
6.94 x lo3 4.16 x lo5 1.91 x lo7 8.7 x lo8 

12.53 x 10’ 5.92 x lo5 2.31 x 10’ 8.5 x lo8 
21.52 x 10’ 8.33 x 10’ 2.81 x 10’ 8.8 x lo8 
33.8 x lo3 11.04 x lo5 3.25 x 10’ 8.8 x lo* 

0.04 2990 74.7 x 10’ 18.51 x lo5 4.30 x 10’ 9.2 x lo* 

/7, _ 7.0 x 102; B2 _ 1.3 x 105; B3 N 6.0 x 106; fi4 u 8.8 x 108. 
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Fig. 4. Determination of k in the relation k log Fi = log F, 
from plot of log F;, VS. log [urea]. Limiting slope - 1.9 N 

n-/k, whence k - 2.1 if n_ = 4. 

the method descrihed.6 Although this procedure uses 
erroneous values of free ligand concentration, the F, 
data obtained may he used to generate provisional 
values of formation constants for four complexes. 
Some selected data obtained by this treatment are 
prsented in Table 2. 

It is clear that the values of the apparent overall 
constants are considerably lower than the reported 
values. However, the various derived curves show 
very little scatter and some confidence may be placed 
in the conditional data obtained by these means. This 
confidence is augmented by recalculation of the data 
in terms of (b -DD,xj) functions. From the clearly 
defined limiting value of Aid shown by the pseudo- 
formation curve it was possible to infer an approxi- 
mate value of 4.92 x 10m6 cm’/sec for the diffusion 
coefficient of the MX, species and hence to inter- 
polate values for all intermediate complexes. The 
graphical analysis was extremely satisfactory for this 

14.6 r 

14.5 

1 I 1 I I I , 

0.04 0.06 012 016 0.x) 024 0.26 

C imidozolel,,, CM) 

Fig. 5. Corrected values of diffusion current, &Jeorr, plotted 
against ligand concentration for the cadmium-imidazole 
system. Subsequent calculations were based upon current 
readings, at convenient values of [imidazole], read from the 

line drawn through the 26 experimental points. 

case (Fig. 6); selected tabulated data are given in 
Table 3. The constancy of the ratio GJ(b - DMx,) is 
quite remarkable. 

Assuming that the highest value of A& corresponds 
approximately to ii = 4, estimates of ii were made at 
the analytical concentrations of ligand used. These 
were then used to assess the approximate concen- 
tration of imidazole bound to Cd*+. Use of the free 
imidazole concentration thus calculated caused a 
significant change in the shape of the pseudo- 
formation curve (Fig. 7). 

Integration of this new curve provided refined F, 
data, the functions derived from which showed little 

Table 2. Selected values of provisional F, and derived data estimated from 
the useudo-formation curve for the cadmium-imidazole system at 25”: 

[Cd*+] = 2 x 10-3M, [KNO,] = O.lM 

[Lmidazole], 
M FCI 4 F2 F3 F4 

0.01 2.15 115 - - - 
0.03 10.2 307 6.57 x 10’ - - 
0.05 34.6 672 1.12 x 104 1.19 x 105 - 
0.07 90.1 1273 1.66 x lo4 1.62 x lo5 1.52 x lo6 
0.10 273.0 2720 2.61 x lo4 2.21 x 10’ 1.53 x lo6 
0.12 513.0 4.27 x 10’ 3.46 x 10.’ 2.45 x IO5 1.58 x lo6 
0.16 1351 8.44 x 10’ 5.21 x 104 2.92 x lo5 1.48 x lo6 
0.20 3.18 x 10’ 15.9 x lo3 7.89 x 104 3.68 x 10’ 1.56 x lo6 
0.26 8.68 x IO” 33.4 x lo3 12.8 x 104 4.72 x 10’ 1.60 x lo6 

8; = 110; fi; = 5.3 x 103; /?; = 5.5 x 104; /I; = 1.55 x 106. 
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Fig. 6. G, vs. (D - OMxJ plots for the cadmium-imidazole 
system. Data estimated at ligand concentrations un- 
corrected for ligand bound to metal ion, so 8, data are only 

provisional. 

scatter, and in their turn yielded a new set of for- 
mation constants. These partially corrected values 
were used to calculate more refined Ii data and a final 
correction to the formation curve. The four sets of 
data obtained are collected with some literature 
values in Table 4; the agreement between the latter 
and those obtained by the successive refinement 
described is entirely satisfactory. 

Nickel-imidazole 

The titration technique described above was used 
again. Particular care was required in this case since 

the characteristic initial positive shift of half-wave 
potential induced by the complexation of nickel was 
clearly seen. A selection of polarograms obtained for 
one titration is shown in Fig. 8. No attempt was made 
to remove the large maximum which featured prom- 
inently on polarograms obtained from solutions con- 
taining ligand. The diffusion current was observed at 
a constant potential (- 1.3 V vs. SCE) for all solu- 
tions. Great care was required to ensure that the 
titration/deoxygenation routine was repeated in as 
nearly identical a manner as possible at each addition 
of “titrant”. The change in current, even allowing for 
that due to the dilution effect, was small, so that the 
final corrected values for Ai4 were very small indeed. 

The combined effects of very high values for for- 
mation constants, very small observed changes in 
current, the large difference between [Im],,, and 
[Im], and the inherent complications present in 
many systems involving nickel complexes probably 
represent the ultimate test of both the experimental 
techniques and the principles of calculation em- 
ployed. Equilibrium data obtained under such con- 
straints are unlikely to be of the standard realized in 
the other systems reported. However, the following 
values were obtained: /I, N 1.5 x 10’; /I2 N 6 x 105; 
pj N 1.3 x 108; 84 m 2 x 109; ps N 1 x 10’0; /I6 * 
5.5 x 10”. These are of the same order of 
magnitude as those reported by Li et aL9 and by 
Sklenskaya et al.” 

Cadmium-thiocyanate 

Although the titration technique described above is 
rather more difficult to apply realistically to com- 
plexes with charged ligands, it was considered appro- 
priate at least to attempt to apply it to the very first 
system treated by the DeFord and Hume method. In 
nitrate media the values of the overall formation 
constants do not increase regularly with n, and it was 
required to establish whether the variations in dif- 
fusion current would reflect this. Despite the fact that 
the solutions produced by the titration procedure 
showed a considerable range of ionic strengths, the 
values estimated for the first three overall formation 
constants followed very closely the irregular trend 
reported by Hume et al.” The value of /I4 was 
obscured at lower thiocyanate concentrations by the 
uncertainty in the values of the higher derived func- 
tions; at higher ligand concentrations the effects of 

Table 3. Selected derived values of G. and of complementary (B - D,,.) functions for identification and characterization 
of complexes in the Cd2+-imidazole system (G and D ‘values have units of 10-6cm2/sec) 

[Iml,M b G, P -Q.Ax) (72 @ - &cd 6 P - %x,) ‘A @ - 4,xJ ‘%I@ - km,) 

0.00 7.20 0.611 1.193 1.748 2.276 
0.01 6.63 57.0 0.042 5.23 x 10’ 0.624 1.94 x 105 1.179 3.57 x 106 1.707 2.09 x lo6 
0.04 5.78 35.5 -0.810 3.14 x 10’ -0.228 1.08 x lo5 0.327 1.62 x lo6 0.855 1.89 x lo6 
0.08 5.39 22.7 -1.202 1.95 x 103 -0.620 0.653 x lo5 -0.065 0.93 x lo6 0.463 2.01 x 106 
0.12 5.23 16.5 - 1.363 1.40 x lo3 -0.781 0.460 x 10’ -0.226 0.64 x lo6 0.302 2.12 x 106 
0.20 5.10 10.5 - 1.490 880 -0.908 0.284 x lo5 -0.353 0.38 x lo6 0.175 2.17 x lo6 
0.24 5.08 8.8 - 1.514 734 -0.926 0.234 x 10’ -0.371 0.31 x lo6 0.157 1.97 x lo6 

8; = 110; /?; = 5.28 x 10’; /j; = 1.34 x 10’; /?; = 2.04 x 106. 
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Fig. 7. Pseudo-formation curves with progressive correction for the difference between total and free 
ligand concentration for the system cadmium-imidazole: (i) no correction (0); (ii) with primary correction 
based on assessment of ligand bound to metal ion from approximate values of ii estimated from Aid (0); 
(iii) final correction based on calculation of approximate values of ii from provisional formation-constant 

data derived from curve (ii). (0). 

increasing ionic strength become very significant. 
This is clearly seen in a comparison of the graphs of 
F0 values vs. [SCN-] obtained by Hume et al. and 
from the observed currents obtained in the present 
study (Fig. 9). Evidently, below a thiocyanate con- 
centration of 0.65A4, the effect of ionic strength on 
the values of F. and the derived functions is negli- 
gible: above this value the effect becones increasingly 
marked. 

Hume et al.” made no attempt to determine values 
of F4 for thiocyanate concentrations below 0.7M; it 
is, however, interesting to see that the present analy- 
sis, at [SCN-] = 0.6 and 0.65M (just before the region 
where the effects of increasing ionic strength become 
significant), gives values of F4 of 62 and 61.5 re- 
spectively. These values are very close to the value of 
60 for fi4 determined and reported earlier. 

Table 4. Apparent and refined equilibrium data for the 
cadmium-imidazole system 

81 B* B3 84 
(a) 1.10 x lo2 5.3 x 103 5.5 x 104 1.55 x 106 
(b) 1.10 x 102 5.3 x 103 1.34 x lo5 2.04 x 106 

$; 6.0 6.3 x x lo2 IO2 5.5 8.0 x x lo4 IO4 2.2 1.0 x x 106 106 3.3 3.6 x x 10’ 10’ 

:;; 6.3 - x 10r 7.94 11.8 x x lo4 lo4 2.82 2.88 x x lo6 lo6 3.80 3.02 x x 10’ 10’ 

(a) Apparent, uncorrected data, obtained from pseudo- 
formation curve. 

(b) Apparent, uncorrected data, obtained from diffusion 
coefficients. 

(c) Apparent data, after preliminary refinement. 
(d) Final data, after further correction. 
(e) Data of Tanford and Wagner,’ for I = 0.15. 
cf) Data of Li, White and Doody,’ for I = 0.15. 

It is well known that in a perchlorate supporting 
medium the formation constants have quite different 
values. The diffusion current data reported for the 
cadmium-thiocyanate system by Senise and de Al- 
meida Neves,” for 2M sodium perchlorate medium, 
yielded a pseudo-formation curve which could be 
used to generate two alternative sets of formation 
data, viz. B, = 23; /I2 = 75; /I3 = 80; /I4 = 450 or 
/I, = 23; /I2 = 75; ,!$ = 0; /I4 = 570. 

These authors obtained the following values from 
the potential data: j?, = 25; /I2 = 75; f13 = 85; & = 240; 

Conclusions 

The titration method described has proved to be 
successful for systems involving uncharged ligands. 
Variations in diffusion current estimated from ob- 
served values are reliable and have even been used 
with very fair success in the case of an ionic ligand, 
with no corrections made for the effects of increasing 
ionic strength. 

Unlike earlier dilution methods, the one described 
here does not maintain a constant concentration of 
metal ion. In terms of the observed current signal this 
offers a practical advantage for systems such as those 
involving imidazole or other molecules inducing only 
very small changes in the diffusion coefficients of 
metal ions. In terms of the possible non-ideality of the 
solutions obtained and interference of the titration 
process with metal-ligand equilibria, the technique 
might still be shown to involve undesirable compli- 
cations in some instances. The main advantages are 
those to be gained by use of the large number of 
working solutions which are obtainable. This feature 
is already revealing subtleties in the shapes of Aid vs. 
ligand concentration curves, which have previously 
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Fig. 8. A selection of experimental polarograms from one dilution run for the nickel-imidazole system. 
(i) Polarogram (dc.) of 5 x lo-“M Ni2+ in O.lM KNO,. Wave starts from -0.1 V us. SCE, E,,* N 1.110 
V. Remaining waves derive from a starting potential of -0.4 V us. SCE. (ii) [Irnltoti = 0.109M; 

-0.925 V. (iii) [Im],,,, =O.l21M; E - 0.930 V. (io) [Im],,, = 0.132M; E -0.935 V. (u) 
i:],,, = 0.143M; E,,, - 0.945 V. (oi) &&,, = 0.153M; E,,, - 0.949 V. (vii) Em],,, = 0.162M; 

E ,,2 - 0.955 V. (viii) [Im],,, = 0.188M; E,,, - 0.970 V. 

been obscured by the considerable scatter of a small 
number of data points. Indeed, it is due to the larger 
number of such points, coupled with the newer 
methods of calculation (which are able to make more 
reliable use of data for lower ligand concentrations 
than has been the case with more traditional meth- 
ods), that the problems associated with varying ionic 
strength are reduced. 

‘I 

The current changes are markedly sensitive to 
variations in metal-ligand interaction, as is shown by 
the efficiency with which irregular sequences of over- 
all formation constants may be dealt with. It is 
doubtless true that the observed differences between 
the values of the formation constants of cadmium 
complexes of thiocyanate in nitrate and in 
pet-chlorate media, arise to some extent from inter- 
ference in the former case from interaction between 
Cd2+ and NO; ions, as has been investigated quan- 
titatively.” However, there could well be a further 
complication. Unusual sequences of formation data 
appear to be a fairly common feature of systems 
involving sulphur-containing ligands; the irregu- 
larities seem to be more pronounced when the mea- 
surements involve mercury electrodes. 

250 
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Equilibrium data deriving from measurements of 

Fig. 9. Comparison of F,, values of different origin: 
O-calculated from pseudo-formation curve; m-values 
reported by Hume et al.;” lJ--values interpolated from 

exnerimental data of Hume et al.” potential reflect the nature of the complex species and 
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Summary-The rate of reaction of rhodium with thiocyanate at 90” in the presence of lithium chloride 
or sufficient hydrochloric acid and the subsequent extraction of the metal from hydrochloric acid medium 
by polyether-type polyurethane foam was investigated. The effect of the chloride salts of different cations 
decreased in the order Li* > Na* > K+ indicating that Rh(SCN)i- is extracted through a simple 
solvent-extraction mechanism rather than the “cation-chelation” mechanism. The separation of rhodium 
and iridium was also examined and the results indicated that in the presence of 5-fold excess of iridicm, 
an average of 95 f 2”/, iridium remained in the aqueous phase while an average of 93 k 2% rhodium was ~ _” 
retained by the foam. 

Many difficulties arise in the solvent extraction of 
rhodium, owing to its characteristic feature of for- 
ming inert complexes with many ligands, including 
chloride. Thus the use of a catalyst“4 and/or heat- 
ing the aqueous phase before extractions’0 has been 
required except when the extraction took place by an 
ion-association mechanism. 

Solvent extraction has been widely used to separate 
rhodium and iridium. The greater lability of rhodium 
in the formation of chelates or solvent complexes has 
played an important role in their separation.‘*“-” 

The purpose of the present work was to study the 
kinetic behaviour of the reaction of rhodium with 
thiocyanate, and the subsequent extraction of the 
metal by polyether-type polyurethane foam. The 
study also included the mechanism of distribution of 
the rhodium-thiocyanate complex between foam and 
aqueous phase, and a method for the separation of 
rhodium and iridium. 

EXPERIMENTAL 
Apparatus and reagents 

Rhodium was determined with a Perkin-Elmer model 306 
atomic-absorption spectrometer. A Baird-Atomic model 
530A single-channel gamma-ray spectrometer fitted with a 
Harshaw well-type NaI(T1) crystal was used for iridium-192 
measurements. Spectrophotometric measurements were 
made with a Varian model 6349 spectrophotometer. 

Polyether-type polyurethane foam (No. 1338 M) was 
obtained from G. N. Jackson Ltd., Winnipeg, Manitoba, 
and washed by the procedure previously reported.16 

Stock solutions of 4.9 x IO-)M rhodium(II1) (freshly 
prepared for each experiment to minimize the hydrolysis of 
RhCli- to [RhCl,_X(HzO)Xr-3 (x = l-6) ions’7-‘9) and 
2.6 x lo-‘M iridium were made from Na,RhCl,. 12Hz0 and 
Na,IrCl,.6H,O (Johnson-Matthey Ltd.) in O.lM hydro- 
chloric acid. I% was obtained as (NH,),IrCl, in 3M 
hydrochloric acid from Amersham-Searle Ltd., Ontario. A 
5.OM solution of potassium thiocyanate was prepared in 
doubly distilled demineralized water. 

Extraction procedure 

A known volume of the stock solution of rhodium or 
iridium and the desired amounts of the other reagents were 

placed in a lOO-ml standard flask and diluted to about 60 
ml. Sufficient ‘921r tracer was added to the iridium samples 
to yield a count-rate of at least 150 cps for 10 ml of sample 
in a 15-mm internal diameter test-tube. The solution was 
heated at 90” for a measured time, cooled to room tem- 
perature and finally diluted to volume. The extraction of 95 
ml of this solution with 50 f 1 mg of foam for a minimum 
of 10 hr and the calculations of percentage extraction (%E) 
and distribution coefficient (D, l/kg) were performed as 
described previously.‘6 

RESULTS AND DISCUSSION 

When rhodium chloride solutions containing 
sufficient thiocyanate were heated, two different com- 
plexes were formed, depending on the acidity of the 
solution.‘6 Rh(SCN)i- was formed at low acid- 
ity, whereas a different complex was produced at high 

acidity. The latter was not characterized and will be 
denoted as RhY. These complexes have been re- 
ported to be highly extractable by polyether-type 
polyurethane foam. I6 The rates of formation and 
subsequent extraction of these complexes by the foam 
were investigated. 

The formation and extraction of Rh(SCN)i- 

Varying the heating time for solutions at pH 
2.4 f 0.1 showed (Fig. 1) an increase in the extraction 
from 4% (log D = 1.78) without heating to 80% (log 
D = 3.77) at 2 hr and 92% (log D = 4.22) after 5 hr 
of heating. The absorbance at 288 nm, which corre- 
sponds to the Rh(SCN)i- complex,20 increased with 
heating time and was found to be proportional to the 
amount of rhodium extracted. 

When the effect of heating time was investigated 
with different concentrations of lithium chloride, 
both the formation of the complex (Fig. 2) and its 
subsequent extraction (Fig. 3) increased with in- 
creasing salt concentration and heating time. The 
degree of extraction of rhodium [94x (log D = 4.46) 
and 95% (log D = 4.54)] from 2M lithium chloride 
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Fig. 1. Effect of heating time on the formation and extrac- 
tion of rhodium-thiocyanate complex. (0) Formation; 
conditions: 60-ml solutions at pH 2.4 + 0.1 containing 24.5 
pmoles of Bh(III) and 0.6 mmoles of KSCN, heated at 90”. 
(0) Extraction; conditions: 97 k 2 mg of foam; 145 ml of 

solution 2M in HCl added after heating. 

medium with heating for 30 and 60 min, respectively 
indicated that the rate of formation of Rh(SCN)i- is 
increased by the presence of lithium chloride in the 
solution. 

We have reportedI that the labile character of 
rhodium toward complexation with thiocyanate in- 
creases with decreasing number of water molecules in 
the initial [RhCls_X(H,0),]X-3 complex. Further- 
more, the kinetics of the aquation of RhCli- and of 
replacement of the water in [RhC15(H20)]*-, i.e., 

RhCl;- + H20; (RhCl,(H,O)]* - + Cl - 

have been described by the rate law:*’ 

-d[RhCg-]/dt = K,[RhCl;-] 

- K2 [RhC15(H20)*- ] [Cl-] 

(K, = 0.11 min-’ and K2 = 0.013 min-‘.l.mole-’ 
at 25”). 

Thus, in the presence of lithium chloride, the 
decrease in time of heating required for the formation 
of Rh(SCN)i- is due to the decrease in the rate of 

0.5 

I I I I 

05 IO I 5 2.0 

LiCl x IO-* mmole 
Fig. 2. Influence of lithium chloride concentration on the 
formation of rhodium-thiocyanate complex; conditions: 
60-ml solutions at pH 2.5 k 0.1 containing 16.3 pmoles of 
Bh(III), 0.4 mmoles of KSCN, different volumes of 10M 
LiCl and heated at 90” for (0) 10 min, (0) 30 min (A) 60 

min. 
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Fig. 3. Effect of lithium chloride, added before heating of 
solutions for different times, on the extraction of rhodium; 
conditions: 50 f 1 mg of foam; 95ml of solutions of 
1.6 x 10F4A4 I&(111), 4 x lo-‘M KSCN, made 2M in HCl 
after heating at 90” for (0) 10 min, (0) 30 min, (A) 60 min. 

aquation of RhCl:- to [RhCl,_X(H20),~-3, caused 
by heating the solution. Similar observations have 
been made for the formation of the Ru(SCN)~- 
complex,22 which is also labile towards aquation. 

The formation and extraction of the RhY complex 

Since formation of the RhY complex depends on 
the concentration of thiocyanate and hydrochloric 
acid as well as on the heating schedule, two experi- 
ments were performed to establish the minimum 
heating time required before its extraction. Varying 
the thiocyanate concentration with different heating 
times indicated (Fig. 4) that the degree of extraction 
increases both with increasing thiocyanate concen- 
tration (though this must be less than 2 x lo-*M, to 
minimize thiocyanic acid interference) and with heat- 
ing time, reaching a maximum at 95% (log D = 4.54) 
for a solution initially 1.6 x lo-*M in thiocyanate 
and heated for 60 min. 

Replotting of these results as percentage extracted 
vs. initial thiocyanate concentration, for solutions 
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Fig. 4. Effect of heating time of solutions containing 
different concentrations of thiocyanate on the extraction of 
rhodium when some of the acid was added before heating; 
conditions: 49 f 1 mg of foam; 95 ml of 1.6 x 10e4M 
Bh(III), total HCl 2M (30 mmoles of HCl added before 
heating); KSCN: (0) 1.6 x 10m2M; (A) 8 x 10m3M; (0) 

4 x lo-‘M; (0) 2 x 10-)&f. 
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Fig. 5. Effect of thiocyanate on the extraction of rhodium 
from solutions heated for different times and containing 
some hydrochloric acid added before heating; conditions: 
49 + 1 mg of foam; 95 ml of 1.6 x 10e4M Rh(III), total HCl 
2M (30 mmoles of HCl added before heating); heating time: 
(0) 10 min; (0) 15 min; (IJ) 30 min; (A) 45 min; (0) 60 

min. 

heated for different times (Fig. 5), makes it clear that 
for solutions with an initial thiocyanate concen- 
tration ~6 x 10e3M and heated for more than 30 
min, the extraction of rhodium is almost independent 
of thiocyanate concentration. The ultraviolet spectra 
indicated that the absorbance band at 288 nm and the 
band at 246 nm (which corresponds to RhY) in- 
creased with increasing amounts of thiocyanate and 
heating time. Furthermore, at high thiocyanate con- 
centrations and longer heating times, the absorbance 
at 288 nm decreased while that at 246 nm continued 
to increase with larger thiocyanate concentrations 
and longer heating; this can be attributed to the 
conversion of Rh(SCN):- into RhY. 

The contribution of hydrochloric acid in reducing 
the necessary heating time was studied at the opti- 
mum thiocyanate concentration. The results (Fig. 6) 
indicated that the extraction of rhodium increased 
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Fig. 6. Extraction of rhodium as a function of time of 
heating solutions containing different concentrations of 
hydrochloric acid initially added before heating; conditions: 
49 + 1 mg of foam; 95 ml of 1.6 x 10m4M Rh(III), 
1.2 x 10e2M in KSCN, total HCl 2M [HCl added before 
heating: (0) 0.1 mmole; (0) 10 mmoles; (0) 30 mmoles; 

(0) 80 mmoles; (A) 11% mmoles HCl]. 

with longer heating times and with larger amounts of 
hydrochloric acid added before heating the solution. 
The ultraviolet spectra showed that for solutions of 
low acidity the absorbance at both 288 nm 
[Rh(SCN):- complex] and 246 nm [RhY complex] 
increased with increasing heating time, whereas for 
highly acidic solutions the absorbance at 288 nm 
decreased while that at 246 nm still increased. In 
addition, when solutions which initially contained as 
little as 80 mmoles of hydrochloric acid per 60 ml 
were heated for more than 30 min, another absorp- 
tion peak, at 306 nm (also due to RhY) was observed 
and both absorbances for RhY increased with heat- 
ing time up to 60 min. The maximum absorbance at 
both 306 and 246 nm was observed for solutions with 
initially 160 mmoles of hydrochloric acid per 60 ml, 
when these were heated for a minimum of 30 min. 

Since high thiocyanate and acid concentrations 
produced hydrogen sulphide in solution, the increase 
in the rate of formation of the RhY complex might 
be due to the reduction of Rh(II1) to Rh(II), which 
acts as a soft acidz3 and hence will have a high affinity 
toward the soft base thiocyanate. The reduction of 
Rh(II1) to Rh(I1) has also been proposed by Ryan5 
to explain the increase in the rate reaction of rhodium 
with 2-mercapto-4&dimethylthiazole when a hydro- 
chloric acid solution of tervalent rhodium is boiled 
with excess of reagent. 

Mechanism of the extraction of Rh(ZZZ)-thiocyanate 
complex 

The possibility of a “cation-chelation” mech- 
anismz4**’ as a mode for the extraction of Rh(SCN)a- 
by the foam was investigated. With 4 x 10d3M thio- 
cyanate solutions at pH 2.5 + 0.1, the effect of 
different concentrations of sodium or potassium chlo- 
ride added after heating for 4 hr was studied. The 
extraction increased from 38% (log D = 3.07) with no 
salt to 47% (log D = 3.22) at OSM sodium chloride 
and then remained constant. For solutions containing 
potassium chloride, the extraction increased to 52% 
(log D = 3.32) at 0.4M salt concentration and then 
decreased to 41% (log D = 3.12) for 2M salt. 

In a second experiment, solutions at pH 2.5 + 0.1 
were heated for 4 hr before addition of different 
chloride salts and adjustment of the hydrochloric acid 
concentration. The results (Fig. 7) indicated that for 
all the acid concentrations, the extraction of rhodium 
decreased according to the salt cation added, in the 
order Li+ > Na+ > K+, which is the order of de- 
creasing hydration number of these cations. 

In the ultraviolet spectra of the solutions in both 
these experiments the absorption band at 288 nm had 
the same shape and intensity, indicating that the 
influence of the solution conditions was on the distri- 
bution of Rh(SCN)i- between foam and aqueous 
phase rather than on the formation of the complex. 

No appreciable increase in the extraction of 
Rh(SCN):- was observed with increased concen- 
trations of sodium or even potassium ions. Further- 
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Fig. 7. Effect of the size of the alkali metal on the distribu- 
tion of rhodium-thiocyanate complex between foam and 
aqueous solutions containing different concentrations of 
hydrochloric acid added after heating; conditions: 50 k 1 
mg of foam; 95 ml of 1.6 x 10e4M Rh(III), 4 x 10m3M in 
KSCN, 2M in salt; [HCl]: (0) 3 x lo-‘M; (A) OSM; (0) 

1M. 

more, the results in Fig. 7 did not show the increase 
in extraction in the order Li+ < Na+ < K+ that has 
been observed for the thiocyanate complexes of pal- 
ladium,26,27 platinum,28 ruthenium and osmium,22 
which are extracted through the “cation-chelation” 
mechanism. Consequently, it is concluded that there 
is not a significant contribution from the “cation- 
chelation” mechanism24Js in the extraction of the 
rhodium complex(es) by polyether foam. 

A minimum hydrochloric acid concentration of 
2M was required for the extraction of rhodium by the 
foam,16 which is significantly greater than the OSM 
acid required for the Pd(SCN):- complex26 and the 
Pt(II)-thiocyanate complex.28 However, this effect of 
acid concentration is in agreement with that reported 
for rhodium extraction from thiocyanate solutions by 
many organic solvents,‘s9 and because H3Rh(SCN), 
can be formed at high acid concentrations,’ the 
distribution of Rh(SCN)z- between the foam and 
aqueous phase may be regarded as a simple solvent 
extraction, probably of H,Rh(SCN),. This mech- 
anism has been suggested by several workers29,3o for 
the extraction of some metals by polyurethane foam 
and explains the increasing extraction of rhodium 
with increasing hydration number of the salt cation 
added (i.e., there was a simple salting-out mech- 
anism). 

Separation of rhodium and iridium 

To determine the degree of extraction of iridium as 
a function of the amount of lithium chloride added 
before heating, solutions at pH 2.5 rf: 0.1 containing 
8.66 pmoles of iridium, 3.0 mmoles of thiocyanate 
and different volumes, up to 40 ml, of 10M lithium 
chloride in approximately 60 ml total volume were 
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Fig. 8. Effect of thiocyanate on the extraction of rhodium 
and iridium from solutions containing acid added after 
heating; conditions: 49 f 1 mg of foam; 95 ml of 2M HCl, 
1M in LiCl; (0) 1.6 x 10e4M Rh(II1); (A) 8 x lo-‘M 

Ir(IV). 

heated at 90” for 1 hr, then cooled to room tem- 
perature, made 2M in hydrochloric acid and finally 
diluted to 100 ml. A foam cube weighing 50 + 1 mg 
was then equilibrated with 90ml of final solution 
for 15 hr. The results indicated that the extraction 
decreased from 11.3% (log D = 2.36) with no lithium 
chloride to 4.5% (log D = 1.94) at 4M salt concen- 
tration. This decrease in extraction is most likely due 
to the decrease in the amount of iridium-thiocyanate 
complex formed, which is analogous to results ob- 
tained for osmium22 and may be attributed to com- 
petition between thiocyanate and chloride ions for 
iridium. 

The effect of thiocyanate on the extraction of 
iridium and rhodium was investigated, with 100 
mmoles of lithium chloride added before heating for 
1 hr. The results (Fig. 8) showed low extraction of 
iridium over the thiocyanate range studied, whereas 
a high extraction of rhodium was obtained at low 
thiocyanate concentrations. 

An average extraction of 5.0 f 1.2% (log 
D = 1.67 f 0.12) for iridium and 94 f 1% (log 
D = 4.18 f 0.06) for rhodium was obtained, indepen- 
dently of pH, when solutions containing 0.20 mmole 
of thiocyanate, 200 mmoles of lithium chloride and 
8.66 pmoles of iridium or 16.3 pmoles of rhodium 
were adjusted to various pH values from 1.7 to 6.0 
with hydrochloric acid or lithium hydroxide before 
heating for 30 min. Furthermore, when the amount 
of lithium chloride was increased to 400 mmoles, an 
average of 4.0 rf: 0.6% (log D = 1.58 + 0.08) iridium 
was extracted. When the experiments were repeated 
with rhodium, the extraction increased from 90% (log 
D = 3.94) at 1.5M lithium chloride to a maximum of 
95% (log D = 4.20) at 3M, then decreased to 91% (log 
D = 3.98) at 4M lithium chloride. 

The extraction of iridium showed a slight increase 
when a series of solutions at pH 2.5 f 0.1 containing 
0.20 mmole of thiocyanate and 300 mmoles of lithium 
chloride were adjusted to hydrochloric acid concen- 
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Table 1. Separation of rhodium and iridium from thiocyanate solutions 
bv nolvurethane foam 

[Rh$~I)l, 

-. - 

bf[)l, Rhodium, Iridium, 
XE Log D “/.E Log D 

1.5 x 10-d tracer only* 94 4.17 6.2 1.78 
1.5 x 10-d 1.3 x lo-4 94 4.16 6.2 1.77 
1.5 x 10-d 2.6 x lO-4 95 4.22 5.8 1.75 
1.5 x lo-4 5.2 x lo-4 4.11 3.2 1.47 
1.5 x lo-4 7.8 x lo-4 3.92 3.5 1.51 

*Less than 1 x IO-‘*M. 

trations up to 3M after 30 min of heating. Only 3.0% 
(log 4 = 1.45) of iridium was extracted from 1M acid 
solutions and this increased to 4.5% (log D = 1.62) 
for 1.5M acid and then remained independent of 
acidity at higher acid concentration. Under the same 
conditions, the extraction of rhodium increased from 
85% (log D = 3.72) at 1M initial acid to 93% (log 
D = 4.11) at 2M and stayed almost constant at higher 
concentrations. 

The separation of the two metals was studied under 
the best conditions for the extraction of rhodium and 
almost the worst for iridium. Solutions containing up 
to 78 pmoles of iridium at pH 2.5 f 0.1 with 14.7 
pmoles of rhodium, 0.20 mmole of thiocyanate and 
300 mmoles of lithium chloride in about 60 ml were 
heated at 90” for 30 min, then cooled to room 
temperature; 200 mmoles of hydrochloric acid were 
added and the solutions diluted to 100 ml. A foam 
cube weighing 100 + 1 mg was then equilibrated for 
15 hr with 90 ml of a solution thus prepared. The 
results (Table 1) indicate that up to a 5-fold molar 
ratio of iridium to rhodium has little or no effect on 
the extraction of rhodium. These results indicate that 
rhodium and iridium can be separated with reason- 
able success, considering the difficulty of their sepa- 
ration, and in comparison with other techniques. 

Conclusions 

The presence of lithium chloride or hydrochloric 
acid accelerates the reaction of rhodium with thio- 
cyanate to form an extractable species. Furthermore, 
while the effect of lithium chloride is to facilitate the 
formation of the rhodium thiocyanate complexes it 
inhibits that of the iridium complexes and therefore 
makes the separation more efficient and quantitative. 
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Summary-Three kinetic methods for the determination of manganese, two of them by photometric 
monitoring and another by fluorimetric monitoring, based on the oxidation of sodium 
4,8-diamino-l,5-dihydroxyanthraqunone-2,6-disulphonate are described. A critical comparative evalu- 
ation of both monitoring techniques and their effect on the analytical figures of merit of the methods has 
been made. Manganese contents between 6.5 and 21.7 ng/ml can be determined with relative standard 
deviation of f 3.7%. Under appropriate working conditions, the fluorimetric method can be satisfactorily 
applied to the determination of manganese in environmental samples of tap water and workroom metallic 
fumes. 

Although the general advantages and limitations of 
kinetic methods of analysis have been discussed,‘-* 
study of the influence of the reaction monitoring 
technique on the analytical characteristics of kinetic 
methods is very interesting in evaluation of the 
analytical figures of merit of two kinetic methods 
based on the same chemical reaction. 

Molecular absorption spectrophotometry and 
spectrofluorimetry are both widely used as mon- 
itoring techniques in kinetic methods of analysis.’ 
Usually the intrinsically higher sensitivity of 
fluorimetry is offset by the low degree of com- 
pleteness of reaction when initial-rate kinetic mea- 
surements are used, and the overall sensitivity de- 
pends on both the monitoring technique and the 
mode of calculation. 

This paper reports the spectrophotometric kinetic 
determination of manganese by means of the ox- 
idation of sodium 4,8-diamino-l,S-dihydroxy- 
anthraquinone-2,6-disulphonate (DADHADS) in 
acidic medium. The reaction is characterized by the 
appearance of a pink oxidized product (A,, N 500 
and 540 nm) and disappearance of the blue colour of 
DADHADS (&,,, N 570 nm). 

The oxidized product presents a pink fluorescence 

(&,X N 580 nm) when excited at 525 nm, and this may 
be used for fluorimetric monitoring and kinetic deter- 
mination of traces of managanese. 

In the present work, the method has been applied 
to determination of manganese in fumes in industrial 
work places. Welding operations generate fumes con- 
taining very small solid particles, a high percentage of 
which are in the respirable size-range, and produce 
the risk of poisoning, given the known toxicity of 
manganese. lc-13 The threshold limit value (TLV) for 
environmental manganeseI is 1 mg/m3, so adequate 

control of the manganese concentration in 
ronment is needed for worker protection 
shops. 

EXPERIMENTAL 

Reagents 

the envi- 
in work- 

DADHADS stock solution, 0.01%. The solution is stable 
for at least 1 month. 

Standard manganese(II) solution, 50.0 pgglml. Prepared by 
dissolving manganese sulphate monohydrate in O.lM hy- 
drochloric acid, and standardized by EDTA titration. 

All chemicals used were of analytical-grade, and demin- 
eralized distilled water was used throughout. The dilute 
solutions were prepared immediately before use, and all 
reagents and analyte solutions were brought to the same 
temperature in a thermostatically controlled water-bath. 

Apparatus 

A Perkin-Elmer MPF-43A spectrofluorimeter equipped 
with a 150-W xenon lamp, 1 x 1 cm quartz cells and a 
Hamamatsu R-777 photomultiplier was used, and no 
spectral corrections were made. A Shimadzu UV-240 
Graphicord spectrophotometer was used. The analytical 
signals were recorded with a chart-recorder. 

Procedure 

Pipette 10 ml of DADHADS solution (1 x 10m4M for 
photometric measurement or 1.05 x 10v5M for fluorimetric 
measurement), and an aliquot (l-10 ml) of sample (pH 
3-10) containing 3-l 1 pg of manganese (photometric pro- 
cedure) or 0.16-0.54 c(g of manganese (fluorimetric pro- 
cedure) into a dry 25-ml standard flask. Add 2 ml of 0.2M 
sodium hydroxide and mix. Make up to volume with 0.5M 
hydrochloric acid and monitor the absorbance at 518 nm or 
606 nm, or the fluorescence intensity (&xc = 525 nm, 
~o;~~c;m), starting 60 set after the ad&ion of hydro- 

Collection and treatment of samples 

Fume samples were collected in workshop environments 
according to the NIOSH Manual,15 in 37-mm three-body 
cassettes with mixed cellulose-ester membrane filters (0.8 
pm cellulose-ester membrane filters (0.8 pm pore size, 
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MSA). Battery-powered personal sampling pumps (MSA, 
model G) were used at flow-rates of 1.5 l./min. Each filter 
was treated with 10 ml of concentrated nitric acid; the acid 
was evaporated to dryness by heating on a hot-plate in a 
clean-air fume-cupboard and the residue dissolved in 5 ml 
of 10% v/v nitric acid. The clear solution was quantitatively 
transferred to a 50-ml standard flask and diluted to volume 
with demineralized water. An aliquot of this solution was 
then subjected to the kinetic procedure. 

Tap water samples were collected in Malaga and stored 
in polyethylene bottles, which had been previously washed 
with 20 ml of saturated potassium permanganate solution, 
emptied, left for 10 min, then repeatedly washed with the 
inner surface in contact with concentrated sulphuric acid 
(10 ml). The bottles were then repeatedly filled with the tap 
water, before a sample was retained. Tap water samples 
were concentrated tenfold by evaporation before analysis if 
the standard-addition method was not used. 

RESULTS AND DISCUSSION 

It has been found that in strongly acidic media 
DADHADS undergoes very slow reaction with the 
oxygen dissolved in water, and this is catalysed by 
certain cations,‘6s’7 or by the action of oxidants such 
as cerium(IV).‘* The DADHADS-Mn(I1) reaction 
does not occur in either alkaline or acidic media, but, 
if a solution containing both reagents in an alkaline 
medium is acidified with hydrochloric acid, the ox- 
idation process takes place. 

This suggests that a Winkler-type mechanism is the 
most likely route of the oxidative reaction of DAD- 
HADS with manganese, as follows: 

2Mn(II) + O2 + 40H----+2Mn02.H,0 (1) 

70 

60 

\ 
-- 

300 420 540 530 650 

1 
9 

MnO, . H,O + DADHAD&, + 4H + 

--+ Mn(I1) + DADHADS,, + 3H,O (2) 

DADHADS,, + HZ02 AHADQDS + NH, (3) 

in which the hydrolysis product (AHADQDS) is a 
fluorescent diquinone-type compound.‘6 It is consis- 
tent with this hypothesis, that the reaction goes only 
after acidification of an alkaline solution. 

This transformation is rather slow and permits the 
photometric and fluorimetric monitoring of the ki- 
netic curves. Figure 1 shows the absorption (b) and 
excitation and emission (a) spectra of DADHADS 
and its oxidation product, from which it can be seen 
that DADHADS does not fluoresce and is blue in 
colour (A,,, = 606 nm), and the pink (1,,, = 518 nm) 
oxidation product is a fluorescent compound that 
shows an excitation maximum at 525 nm and emis- 
sion maximum at 585 nm. 

Eflect of the reaction variables 

The effect of the concentration of each reagent on 
the initial rate and on the standard deviation of the 
initial rate was studied, for the optimization of 
variables. The optimum concentration of a species 
was taken as the concentration at which the relative 
standard deviation of the initial rate measurement 
was minimal, the remaining variables being fixed. The 
optimum concentration will be that for which the 
reaction order of the species is zero or as close to it 
as possible, since small fluctuations in concentration 
will not affect the initial rate of a zero-order reaction. 

(6) 
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Fig. 1. (a) Uncorrected excitation and emission spectra of DADHADS (1, 1’) and its oxidation product 
(2, 2’). PaOH] 0.016M; [DADHADS] 8 x 10m6M; [Mn*+] 7.3 x 10e4M; [HCl] 0.4M. (b) Absorption 
spectra of DADHADS (1) and its oxidation product (2). [NaOH] 0.016M; [DADHADS] 8.4 x 10e6A4; 

[Mn*+] 8.3 x 10m4M; [HCl] 0.16M. 
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Fig. 2. Effect of the acidity of the initial reaction rate: 
A (A = 518 nm) and B (1 = 606 nm), photometric 
method; [DADHAN] 1.6 x IOe5M; [M&l 119 x 10e5M; 
[NaOH] 0.016M. C, fluorimetric method; IDADHADS] 

8 x 10e6M; [Mn2+] 1.9 x 10-sM; [NaOH] 0.016M. 

Since manganese and sodium hydroxide must be 
present before the reaction is started by the addition 
of hydrochloric acid, the effects were studied of 
sodium hydroxide concentration and standing time 
before acidification on the initial reaction rate. The 
results obtained show that these variables are not 
critical, since the reaction is zero-order with respect 
to [NaOH] over the range studied (0Gl4--O~12M) and 
standing times up to 30 min do not affect the initial 
reaction rate. For further work, a sodium hydroxide 
concentration of 0.016M (2 ml of 0.2M alkali per 25 
ml) was selected as it ensures an alkaline medium for 
moderately acidic samples (PH > 3) and provides 
reproducible results. 

The effect of [HCl] on the initial reaction rate is 
shown in Fig. 2. The log-log plot indicates an ample 
range of concentrations in which the reaction rate is 
zero-order with respect to this variable. A hydro- 
chloric acid concentration between 0.04 and 0.4A4 
ensures reproducible results, which implies 2-20 ml of 
OSM acid per 25 ml of final solution. 

The influence of [DADHADS] on the initial rate 
(photometric monitoring) is shown in Fig. 3; the 
initial rate increases steadily with [DADHADS]. The 

I I I 1 
1 12 1.4 1.6 B 
I I , I 

05 1 15 2 A 

log (CR1 x IO6 M) 
Fig. 3. Influence of the reagent concentration on the initial 
rate (photometric method). A. 1606 nm; B, 1518 nm. 

[Mn2+] 1.9 x 10m5M; [NaOH] 0.016M; [HCl] 0.16M. 
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Fig. 4. Influence of the reagent concentration on the initial 
rate (fluorimetric method). A, [Mn2+] 4.7 x lo-‘M; B, 

[Mn2+] 2.4 x lo-‘M. [NaOH] 0.016M; [HCI] 0.16M. 

relative standard deviation in the initial rate was 
2-3x (measurement at 606 nm) for [DADHADS] 
between 2.8 x 10-5M and 8 x 10m5M. Since the rates 
were lower at lower [DADHADS], and the standard 
deviation of the initial rate began to be significant, the 
precision decreased at lower [DADHADS]. 

The log-log plot for measurement at 5 18 nm shows 
zero-order reaction order with respect to 
DADHADS over the concentration range 
3.2-4.8 x 1O-5M, so [DADHADS] = 4 x 10m5M was 
selected for further photometric work. 

Figure 4 shows the influence of [DADHADS] on 
the initial rate measured fluorimetrically. Curves for 
two concentrations of manganese are shown. For 
both, the initial rate is zero-order with respect to 
[DADHADS] in the range 24.5 x 10W6M. For 
[DADHADS] > 4.5 x 10e6M, the initial reaction rate 
falls as a consequence of pre- and post-filter effects, 
as the absorption spectrum of DADHADS and the 
excitation and emission spectra of the reaction prod- 
uct overlap (Fig. 1). This effect increases with [DAD- 
HADS], as seen in Fig. 4, curve B, in which the 
reagent excess is higher. From these results [DAD- 
HADS] = 4.2 x 10m6M has been selected as optimal 
for fluorimetric measurements. 

Analytical parameters 

Under optimal conditions, the log-log calibration 
graph is linear for manganese(I1) concentrations 
ranging from 6.5 to 21.7 ng/ml for the fluorimetric 
procedure, and from 0.22 to 0.54 pgg/ml (A = 518 nm, 
oxidized product monitored) or from 0.13 to 0.44 
pg/ml (1 = 606 nm, reagent monitored) for the pho- 
tometric procedures. Further details of the analytical 
methods are summarized in Table 1. 

It should be noted that, in spite of the higher 
sensitivity, the fluorimetric method is more precise 
than the photometric methods. The reasons for the 
poorer accuracy and precision of the photometric 
methods can be related to the spectral overlap at both 
monitoring wavelengths. As can be seen in Fig. 1, at 
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Method 

1 
2 
3 

Table 1. Analytical parameters of the kinetic methods for the determination of manganese 

Analytical Wavelength, Range, Taken, Found (X), S, RSD, G, 
response nm nglml nglml nglml n nglml % % 

Photometric 518 220-540 330 329 10 30 9.1 6.4 
Photometric 606 130-440 170 164 10 10 8.0 6.2 
Fluorimetric 5251585 6.5-21.7 15.2 15.6 10 0.6 3.7 2.6 

2 = mean value; n = number of determinations; S = standard deviation; RSD = relative standard deviation; G = relative 
error (100 fS/fn’/2), 95% confidence. 

Table 2. Effects of various ions on the determination of manganese by the kinetic methods 

Photometric monitoring (2 = 518 nm) Fluorimetric monitoring 

Tolerance ratio* Foreign ion or species Tolerance ratio? Foreign ion or species 

60 
30 
15 

5 

1 

UO;+, F- 
Ca2+, SO:-, NO; 
tartrate, citrate, EDTA 

Zn*+, Cd*+, Pb*+, 
Al’+, Ti4+, Mo(VI), 
IO;, c,o:- 
Ni2+, Co*+, Fe2+, 
Fe3+, Au’+, I- 

0.1 
<O.l 

H$+, Ce4+, BrO; 
Cu*+, Pd2+, V(V), 
CY+ 

10000 
6000 
2500 

1500 
1000 

150 

20 

7 
1 

UOs+,Zn*+ 
Ca*+, F- 
Pb2+ Cd*+ A13+ 
SO;-: NO; ’ 

Pd’+ , C,O:- 
tartrate, citrate, EDTA 

Ni*+, Fe*+, AuS+ 
’ II, IO;, BrO; 

Fe’+, Ti4+, Mo(V1) 

Hg2+, V(V) 
Co*+ Cu*+, Cr”+, 
Ce4+ ’ 

*Manganese concentration 0.33 pg/ml. 
TManganese concentration 15 ng/ml. 

518 and 606 nm, both DADHADS and the oxidized 
product absorb. 

Selectivity study 

The effect of various ions on the determination of 
manganese(I1) at the 0.33~pg/ml level (photometric 
monitoring of the oxidized product at 518 nm) and 
at the 0.015~pg/ml level (fluorimetric method) was 
investigated. The criterion for interference was a 
variation in the initial rate of more than *6.4x 
(photometric monitoring) or f 3% (fluorimetric mon- 
itoring), from the value expected for manganese 
alone. The results are given in Table 2. 

Interferences in these methods arise from four 
main chemical sources: (1) oxidizing substances act- 

Table 3. Determination of manganese in four 
environmental samples of metallic fumes, a 

tap water and a synthetic mixture 

Mn present,* Mn found,? 
Sample aglml nglml 

1 15.0 14.1 
2 15.0 16.2 
3 16.0 14.8 
4 15.0 14.1 

Tap water 1.234 1.27 
S.M.1 15.2 14.8 

*By atomic-absorption spectrometry. 
tMean values based on analysis of three 

aliquots. 
§Standard-addition method. 
SSynthetic mixture, composition (ng/ml): Mn, 

15.2; Cr, 1.0; Cu, 4.0; Pb, 7.0; Fe, 200.0. 

ing on DADHADS [Ce(IV), BrO;, Hg(II)]; (2) cata- 
lysts of the oxidation process [v(V), Au(III), Fe(III), 
Cr(III)]; (3) species causing a decrease in the DAD- 
HADS concentration by complexation reactions, 
[Cu, Co, Pd];” (4) substances reducing man- 
ganese(III), [I-, Fe(II)]. Spectral interferences should 
be minimal in the fluorimetric method owing to the 
inherent selectivity of fluorimetry. For the 
fluorimetric method, the interference of cobalt up to 
a CcJC,, ratio of 25 can be eliminated by addition 
of 1 ml of 1.9 x 10m3M tartrate or up to C-,/C,, = 50 
with 1 ml of 1.25 x 10W3M citrate. Cu(I1) up to a 
ratio of Cc-/C,, = 25 can be masked by addition of 
1 ml of 1.25 x lo-‘M citrate, and of Cr(II1) up to 
Cc,/&, = 10 by addition of 1 ml of 8.9 x 10e3M 
fluoride. 

Applications 

To test the reliability of the proposed fluorimetric 
method, it was applied to the determination of man- 
ganese in environmental samples and tap water. 

The results of analysis of four different environ- 
mental samples, a synthetic mixture and tap water are 
presented in Table 3. The standard-addition graphs 
were analysed by regression procedures to obtain the 
intercepts. The results obtained indicate the existence 
of a more pronounced matrix effect in the environ- 
mental samples and demonstrate the reliability of the 
fluorimetric method for the determination of man- 
ganese in these samples. 
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Summary-An improved tribenzylamine extraction/atomic-absorption method for the determination of 
silver in ores, related materials and zinc process solutions is described. The method, which involves the 
separation of silver by a single methyl isobutyl ketone extraction of the tribenzylamine-silver bromide 
ion-association complex from -0.5-2M sulphuric acid-O.14M potassium bromide, is simpler and more 
rapid than a previous method based on a triple chloroform extraction of the complex. Silver is stripped 
with 12M hydrochloric acid containing 1% thiourea as a complexing agent. Thiourea is destroyed with 
nitric and perchloric acids and silver is ultimately determined by atomic-absorption spectrophotometry 
in an air-acetylene flame, at 328.1 nm, in a 10% v/v hydrochloric acid-l% v/v diethylenetriamine medium. 
Cadmium and bismuth are partly co-extracted but do not interfere. Results obtained by this method are 
compared with those obtained previously by the tribenzylamine/chloroform extraction method and with 
those obtained by a direct acid-decomposition/atomic-absorption method. 

The objective of a current CANMET project, which 
involves a study of the behaviour, form and distribu- 
tion of silver in conventional zinc hydrometallurgical 
processes (designed to recover metallic zinc from zinc 
ores and concentrates), is to increase the recovery of 
this valuable by-product in Canadian zinc plants. 

Recently, as part of this project, a solvent 
extraction/atomic-absorption spectrophotometric 
(AAS) method for the determination of -0.1 pg/g or 
more of silver in ores and concentrates and 
-0.001 pg/ml or more in zinc process solutions was 
developed.’ In this method, silver is separated from 
the matrix elements by a triple chloroform extraction 
of the tribenzylamine (TBAtsilver bromide ion- 
association complex from N 2M sulphuric 
acid-0.08M potassium bromide. It is subsequently 
stripped from the chloroform phase with 9M hydro- 
bromic acid and ultimately determined by AAS in a 
10% v/v hydrochloric acid-l% v/v diethylenetriamine 
medium. However, in more recent work it was found 
that this method was not applicable to some indus- 
trial zinc process solutions of very high salt content, 
because of the severe emulsification encountered dur- 
ing the extraction step. Consequently, a similar 
method based on the use of TBA in conjunction with 
a solvent of much lower specific gravity (< 1) than 

from N OS-2M sulphuric acid-O. 14M potassium bro- 
mide. Silver is then stripped with 12M hydrochloric 
acid containing thiourea. Results obtained for ores 
and concentrates are compared with those obtained 
by the TBA/chloroform extraction method and with 
those obtained recently by a direct acid- 
decomposition/AAS method.2 

EXPERIMENTAL 

A Varian-Techtron model AA6 spectrophotometer was 
used under the conditions described previously.‘,2 

Reagents 

Stanndard silver solution, 100 pgglml. Prepare the solution 
as described previously’ but add u 10 ml of 50% v/v sul- 
phuric acid instead of 1 ml and evaporate the solution to 
fumes of sulphur trioxide. Cool the solution, dissolve the 
salts by heating gently with N 100 ml of concentrated hydro- 
chloric acid, then dilute the solution to volume with water 
in a I-litre standard flask containing -300 ml of concen- 
trated hydrochloric acid. 

Potassium bromide, 20% solution. 
Potassium chloride, 0.2a/, solution. 
Tribenzylamine. A 0.5% solution in MIBK. 
Hydrochloric acid-thiourea solution. A 1% solution of 

thiourea in concentrated hydrochloric acid. 
Phenolphthalein. A 0.2% solution in ethanol. 
Chloroform. Analytical reagent-grade. 

chloroform was sought. Procedures 

The proposed method involves the separation of Calibration solutions. Prepare as described previously.’ 

silver by a single extraction of the TBA-silver bro- (Notes 1 and 2). 

mide complex into methyl isobutyl ketone (MIBW 
Ores and related materials. Decompose up to 1 g of 

powder& sample containing up to _ 1,-,0 pg of silver and 
not more than ldmg of calcium and -, 400 mg of lead, as 

Crown Copyright Reserved. described previously,’ but add 15 ml of500/, sulphuric acid, 
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10 ml of concentrated hydrochloric acid and 5 ml of concen- 
trated perchloric acid (Note 3) after the bromine-nitric acid 
treatment. After the removal of silica and antimony, if 
necessary, by volatilization as the fluoride and bromide, 
respectively, evaporate the solution to fumes of perchloric 
acid, then cover the beaker and continue to heat for 
_ 15 min. Remove the cover, wash down the sides of the 
beaker with water and evaporate the solution to u 3 or 4 ml. 
Cool, add 10 ml each of water and 50% sulphuric acid, heat 
to dissolve the salts, then, if necessary, filter the solution 
(Whatman Il-cm No. 40 paper) into a 12%ml separatory 
funnel marked at 50 ml. Wash the beaker and the paper and 
residue with 25% ammonia solution as described previously’ 
(Note 4), using 3- or 4-ml portions each time, then wash the 
paper with N 3 ml of 5% sulphuric acid. Discard the paper, 
dilute the solution to -5Oml with water and mix thor- 
oughly. 

Add 5 ml each of methanol (Note 5) and 20% potassium 
bromide solution and 50 ml of 0.5% tribenzylamine solution 
to the resulting solution, stopper the funnel and shake it for 
2 min. Allow several min for the layers to separate (Note 6), 
then drain off and discard the lower (aqueous) phase. Wash 
the MIBK phase by shaking it gently for N 20 set with 5 ml 
of water. Discard the wash solution. Add 15 ml each of 
chloroform and concentrated hydrochloric acid containing 
1% of thiourea, stopper tightly and, using a wrist-action 
shaker, shake for 5 min. Allow the layers to separate, then 
drain the lower (aqueous) layer into a 150-ml beaker and 
wash the stem of the funnel with water. Wash the MIBK- 
chloroform phase twice by shaking it for -1 min and 
then for -30 set with 5-ml portions of hydrochloric 
acid-thiourea solution and add the washings to the beaker. 
Wash the stem of the funnel with water each time. Add 1 ml 
of 0.2% potassium chloride solution, cover the beaker, add 
5ml of concentrated nitric acid and heat the solution to 
destroy thiourea (Note 7). Evaporate the solution to -20 
ml, then add 5 ml of concentrated nitric acid and 3 ml of 
concentrated perchloric acid and evaporate the solution to 
fumes of perchloric acid. Continue to heat the solution for 
N 10 mm to destroy organic material, then remove the cover 
and, without baking, evaporate the solution to dryness. 
Depending on the expected silver content, proceed with the 
additions of concentrated hydrochloric acid (Note 8) and 
10%) diethylenetriamine solution and the subsequent deter- 
mination of silver as described previously (Note 9).’ 

Zinc process solutions. Transfer up to 25 ml of solution, 
containing up to N 100 pg of silver, to a 125-m] separatory 
funnel marked at 50 ml (Note 10) and add 3 ml of 50% 
sulphuric acid (Note 11). Dilute the solution to the mark 
with water, add 5 ml each of methanol and 20% potassium 
bromide solution, then proceed with the extraction (Note 6) 
of silver as described above. Wash the MIBK phase twice 
with 5-ml portions of water, then strip and determine silver 
as described. 

Notes 
1. All glassware should be washed with N 25% ammonia 

solution, followed by water. 
2. The solutions in the first series (i.e., up to 1 pg of silver 

per ml) are stable for at least 2 weeks. Those in the second 
series should be prepared fresh every day because their 
absorbance slowly decreases on standing.2 

3. The use of perchloric acid is recommended because 
recent work2 with some zinc-processing products such as 
jarosites and iron-leach residues showed that a small 
amount of silver may remain in the residue after the sample 
is decomposed with nitric and sulphuric acids alone as de- 
scribed previously.’ Hydrochloric acid is also recommended 
to help to decompose iron oxides in these materials.* 
The subsequent addition of hydrofluoric acid may not be 
necessary if the sample contains little or no silica. In this 
case, a Pyrex beaker can be used for the decomposition. 

4. To wash the residue effectively, any that adheres to the 

sides of the paper should be gently loosened with a glass rod. 
The total volume of ammonia solution used should not 
exceed _ 25 ml. 

5. Methanol helps to prevent emulsification. 
6. If emulsification occurs or the layers do not separate 

quickly enough, add 5 ml more of methanol and shake the 
solution gently for -5 sec. 

7. Destruction of thiourea with nitric acid results in the 
formation of globules of liquid (probably carbon disul- 
phide) which is volatilized during the subsequent evapo- 
ration of the solution. Because of the foul odour produced, 
an efficient fume-hood should be used for this step. 

8. Usually the salts dissolve most readily if the solution 
is heated gently after the addition of concentrated hydro- 
chloric acid and about an equal volume of water. Sub- 
sequently the solution should be cooled to room tem- 
perature before the addition of diethylenetriamine solution. 
Not too much water should be added, because silver may 
precipitate as the chloride if the hydrochloric acid concen- 
tration is less than ~25% v/v. 

9. Sample solutions containing more than _ 1 pg of 
silver per ml should be analysed the day they are prepared 
(Note 2). 

10. If the solution is basic, add 1 drop of 0.2% phenol- 
phthalein solution, neutralize with 50% sulphuric acid, then 
add 3 ml in excess and proceed as described. 

Il. In the case of ores and concentrates silver is extracted 
from N 1.5-2&f sulphuric acid. However, the addition of 
less 50% sulphuric acid is recommended for zinc process 
solutions because some solutions can contain up to N 150 g 
of sulphuric acid per litre. 

RESULTS AND DISCUSSION 

Separation of silver by tribenzylamine/MIBK extrac- 
tion 

In the TBA/chloroform extraction method de- 
scribed previously,’ three extractions are required for 
the complete separation of up to N 500 pg of silver as 
the bromid*TBA ion-association complex from 
large amounts of iron, zinc and other elements. 
Because zinc process solutions do not usually contain 
a large amount of silver, a simpler and more rapid 
extraction procedure was sought in which up to 
N 100 pg of silver could be completely extracted as 
the TBA-silver bromide complex in a single extrac- 
tion into a solvent of specific gravity < 1. Non-polar 
solvents such as toluene, heptane and xylene were 
found to be unsuitable as diluents for TBA because 
it forms a white addition compound with bromide 
which is relatively insoluble in these solvents.3 Al- 
though this compound can be kept in solution by 
adding sufficient methanol before the extraction step, 
tests with heptane and toluene containing 0.5%. TBA 
showed that, at the lOO+g level, silver is not com- 
pletely extracted in one extraction with an equal 
volume of these solvents under approximately the 
conditions of acidity and potassium bromide concen- 
tration used previously.’ Xylene was not tested be- 
cause of its noxious nature. 

Because MIBK is a good diluent and extractant 
for metal halide-amine systems,4 tests were done to 
determine whether MIBK containing TBA would be 
an effective extractant for silver from bromide media. 
These tests, in which silver was added in the form of 
a dilute sulphuric acid solution, showed that up to at 
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least 100 pg of silver can be quantitatively extracted 
in one extraction from -0.14.5M sulphuric acid 
that is at least 0.04M in potassium bromide by 
shaking for 2 min with an equal volume of MIBK 
containing ~0.5% TBA. Higher concentrations of 
TBA than this (-0.017M) cannot be used because of 
the precipitation of the insoluble bromide addition 
compound during the extraction step. At higher 
concentrations of sulphuric acid, the extraction of 
silver is incomplete. Because concentrated hydro- 
bromic acid, previously used for stripping silver from 
the chloroform extract,’ is miscible with MIBK, 
concentrated ammonia solution was used in these 
tests and the excess was removed by boiling before 
the AAS determination of silver. However, an acidic 
stripping solution was sought because bismuth, which 
is co-extracted, forms an insoluble hydrous oxide in 
ammoniacal solutions. Concentrated hydrochloric 
acid containing thiourea as a complexing agent for sil- 
ver was found to be effective if chloroform was added to 
the organic phase to increase its density and aid in 
phase separation. However, in subsequent tests with 
pure silver solutions and with synthetic zinc process 
solutions of high sodium content (composition given 
in Table l), low and erratic results were obtained for 
silver when the final solutions were treated with nitric 
and perchloric acids to destroy thiourea and TBA 
and then evaporated to dryness. In these tests the 
extracts were washed twice with 5-ml portions of 
water to remove mechanically entrained sodium 
and/or potassium. Ultimately, it was found that 
evaporation of the solutions to dryness in the pres- 
ence of perchloric (or sulphuric) acid results in the 
formation of a refractory silver compound, pre- 
sumably an oxide, which does not dissolve completely 
when the residue is heated with 50% hydrochloric 
acid. This error can readily be eliminated by adding 
N 1 mg of potassium (as -2 mg of the chloride) to 
the solution before it is evaporated to dryness. Al- 
though the hydrobromic acid strip solutions obtained 
previously’ were treated in a similar manner, negative 
errors were not observed, probably because the chlo- 
roform extracts were not washed to remove entrained 
ions and/or because chloroform may retain more of 
the aqueous phase containing potassium and other 
ions than MIBK does. 

Complete recovery of silver (100 pg) was obtained 
when the procedural steps described above were 
applied to synthetic zinc process solutions that were 
-0.5-2M in sulphuric acid and -0.08M in potas- 
sium bromide. However, low results were obtained 
for some industrial zinc process solutions, particu- 
larly thickener overflows of very high salt content, to 
which the same amount of silver was added. It was 
found that with these solutions more potassium 
bromide was required during the extraction step. 
Complete recovery of the added silver was obtained 
when the bromide concentration was increased to 
-0.14M. Under these conditions, and when silver is 
extracted in the range of sulphuric acid concentration 

mentioned above, very little zinc and iron are co- 
extracted. 

Effe of diverse ions 

As found previously,’ bismuth and cadmium are 
partly co-extracted as bromide ion-association com- 
plexes into MIBK containing TBA, under the condi- 
tions used for the extraction of silver. At the 25- and 
200-mg levels, respectively, these elements will not 
interfere with the extraction of silver, and the 
amounts co-extracted will not affect its determination 
by AAS even if a lo-ml final volume is used. Little 
or no molybdenum(V1) is co-extracted at the 200-mg 
level. However, at this level, a white insoluble com- 
pound forms when the solution is shaken with MIBK 
containing TBA. This compound, which is probably 
an addition compound of TBA and molybdic acid, 
can be readily dissolved by adding sufficient methanol 
to the solution. 

Up to at least 2 g of zinc, 500 mg of copper(I1) and 
iron(III), 400 mg of lead, 200 mg of magnesium and 
the same quantities of all the other ions mentioned 
previously,’ including chloride, will not interfere in 
the determination of silver by the proposed method. 
Interference from antimony(V) is avoided as de- 
scribed previously. Co-extraction of any chro- 
mium(VI),S present in solutions derived from ores 
and concentrates and resulting from the evaporation 
of the solution to fumes of perchloric acid, can be 
avoided by reducing it to chromium(II1) with hydro- 
gen peroxide. Several drops of 30% w/v peroxide 
solution should be added to the solution obtained 
after dissolution of the salts in dilute sulphuric acid, 
and the solution should then be boiled vigorously or 
evaporated to fumes of sulphur trioxide to destroy 
the excess of hydrogen peroxide before the filtration 
and extraction steps. Because some of the industrial’ 
zinc process solutions investigated contained a large 
amount of sodium, washing the MIBK extract 
several times with 5-ml portions of water is recom- 
mended to reduce the amount of mechanically en- 
trained sodium in the final solution. This also reduces 
the amount of entrained iron and other ions. At the 
5O+g silver level, the loss of silver to the wash 
solution under these conditions does not exceed 
-0.2 pg. The magnitude of this loss depends on the 
amount of salts stripped into the wash solution. No 
loss of silver occurs if the extract does not contain 
entrained ions. 

Tests with MP-1 (composition given in Table 3), in 
which low (N 5-8 pg/g) and erratic results were ob- 
tained when l-g subsamples were taken, indicated 
that calcium sulphate retains silver and that, unlike 
the case with lead sulphate, this occluded silver 
cannot be completely removed by washing the precip- 
itate with 25% ammonia solution. This was verified 
with pure silver solutions containing calcium. This 
interference was not apparent in the earlier work,’ 
probably because the sample solution was diluted 
much more before the filtration step than in the 
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Table 1. Recovery of silver from synthetic zinc process solutions 

Total 
Solution taken* Ag present, pg Ag found, pg 

25-ml aliquots of 0.5M sulphuric acid 2.4, 2.4, 
containing 150 g of ZnSO,, 30 g of Fe,(SO,),, 5.4, 5.6, 
10 g of MnSO,, 20 g of MgSO,, 5 g of CdSO, and 10.4 lo., 
80 g of Na,SO, per litre 50.4 50., 

100.4 lOO., 

*Triplicate determinations of silver (present in the ZnSO,) in 25-ml aliquots of the 
solution (without added silver) gave 0.4,, 0.4, and 0.4, pg. The sulphuric acid 
concentration of the test solutions was adjusted to 2M before extraction. 

preent method and, under these conditions, calcium 
sulphate is more soluble. Consequently, less would be 
present in the residue and less silver would be oc- 
cluded. These findings show that calcium can be a 
source of error in the TBA/chloroform extraction 
method.’ In the proposed method, up to 1Omg of 
calcium can be present in the sample without produc- 
ing appreciable error in the result. 

Applications 

Tables 1 and 2 show that the results obtained by the 
proposed method for a series of synthetic zinc process 
solutions in which the added silver was varied from 
2 to 100 pg, and for industrial solutions to which 5 
and 1OOpg were added, agree favourably with the 
calculated amount present. In these tests, silver was 
added as a solution in dilute sulphuric acid. Table 3 
shows that the results obtained for seven diverse 
Canadian Certified Reference Materials Project 
(CCRMP) certified reference ores and concentrates 
are in excellent agreement with those obtained re- 
cently by a direct acid-decomposition/AAS method2 
and, except for MP-1 and MP-la, with those ob- 
tained by the TBA/chloroform extraction method.’ 
From the findings regarding the occlusion of silver by 
calcium sulphate, it is considered highly probable 
that this is the reason for the slightly low results 

obtained for MP-1 and MP-la by the 
TBA/chloroform extraction method. Except for 
PTM-1 and MP-1, the results are also in good 
agreement with the certified values. Those obtained 
for SU-la and PTM-1 support recent conclusions’ 
that the certified values for these ores are too low and 
that they should be -4.6 and N 15 pg/g, respectively. 
Similarly, the results obtained for MP-1, in conjunc- 
tion with those obtained previously2 by a direct 
acid-decomposition method and those obtained by 
similar methods during the interlaboratory 
certification programme, suggest that the certified 
value for this ore should also be slightly higher, viz. 
- 59-62 pg/g. The results shown in Tables l-3 are 
the means of five AAS measurements. All the results 
shown in Tables 2 and 3 are for individual sub- 
samples. 

The precision for silver at about the 4_lOOpg/g 
levels was determined by analysing five subsamples 
each of SU-la, MP-la and CZN-1. The results 
obtained (standard deviations of 0.14, 1.53 and 
0.38 pg/g, respectively) showed that the proposed 
method yields slightly more precise results than the 
TBA/chloroform extraction method. It is also 
quicker and simpler because only one extraction is 
required and both the extraction and stripping steps 
are performed in the same separatory funnel. The 

Table 2. Recovery of silver from industrial zinc process solutions 

Total Ag present Total 
Ag found, after addition Ag found, 

Solution* Pg of Ag, pgt Peg 

First stage solution 0.3,, 0.4, 5.4, 5.4, 
100.4 lOl., 

Second stage solution 0.2,, 0.3, 5.3, 5.1, 
100.3 loo.2 

Sodium arsenate solution 0.3,,0.3, 5.3, 5.2, 
100.3 99., 

No. 1 Thickener overflow 1.3,,1.1, 6.2, 6.0, 
101.3 102., 

No. 3 Thickener overflow l.l,, 1.1, 6.1, 6.1, 
101.1 102., 

No. 4 Thickener overflow 1.5,, 1.6, 6.6, 6.54 
101.6 101.4 

Spent-to-residue leach 0.8,, 0.7, 5.8, 5.7, 
100.8 IOl., 

Sodium carbonate solution 0.3,, 0.3, 5.3, 5.5, 
to jarosite 100.3 loo., 

*25-m] alicmots taken. 
TValues include mean value for silver present in 25 ml of solution plus silver added 

viz. 5 or 100 pg. 
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silver bromide_TBA complex is considerably more 
soluble in MIBK than in chloroform, and up to 
5OOpg of silver can be extracted essentially quan- 
titatively (99.5%) in one extraction. 

Although the possibility of determining silver di- 
rectly in the extract by AAS was mentioned in the 
earlier work,’ this was not investigated at the time 
because it was considered that aqueous calibration 
solutions are easier to prepare and more convenient 
to use for routine work. In the present work, tests 
made with synthetic zinc process solutions (com- 
position given in Table 1) to determine whether this 
approach would be more feasible for solutions of low 
silver content yielded poor precision and low results. 
Probably, this negative error was caused by the 
greater viscosity of the extracts4 derived from the 
synthetic solutions, from which cadmium was co- 
extracted, compared with calibration extracts pre- 
pared by extracting known amounts of silver under 
the same conditions but in the absence of matrix 
elements. 

The proposed method is suitable for silver in ores 
and related materials at levels as low as -0.1 pg/g 
and in zinc process solutions down to the 
-O.OOQg/ml level. It is emphasized that reliable 
results can only be obtained if a small amount of 
potassium is added to the final solution before it is 
evaporated to dryness in the presence of perchloric 
acid. Care should also be taken that the subsample 
used does not contain more than 1Omg of calcium. 
If TBA is not available, tri-n-octylamine can proba- 
bly be used instead under essentially the same condi- 
tions.4 
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Summary-The review discusses the problems of rational combination of solvent-extraction separation 
and preeoncentration of trace elements with their determination by electrothermal atomic-absorption 
spectrometry. 

Atomic-absorption spectrometry (AAS) is currently 
one of the most widely used techniques in analytical 
chemistry. The high selectivity and sensitivity of this 
technique in many cases enable direct analysis of 
samples. However, when the elements to be deter- 
mined are present in very small amounts in materials 
of complex composition, preconcentration is neces- 
sary. Liquid-liquid extraction is a very versatile and 
convenient method of obtaining both separation and 
preconcentration. 

The reason for the wide use of extraction in 
combination with flame AAS is the improvement in 
sensitivity arising partly from the increased element 
concentration but partly because nebulization of 
organic solvents can produce a more finely-dispersed 
aerosol.’ With electrothermal atomization (ETA), 
however, the use of organic extracts instead of aque- 
ous solutions does not, as a rule, enhance the atomic- 
absorption signal. Nevertheless, the tendency now- 
adays is an increasing use of hybrid methods based 
on combinations of element extraction and ETA, 
thanks mostly to the higher sensitivity of the deter- 
mination method itself. 

It has been suggested* that in the analysis of 
extracts ETA should have a number of advantages 
over flame atomization. Those authors believed that 
the absence of a nebulizer would permit viscous 
extracts to be analysed and that the complete removal 
of organic solvents from the electrothermal atomizer 
by drying would eliminate the non-specific light 
absorption during the atomization step, as well as the 
effect of solvent on the AA-signal amplitude. It has 
also been suggested that non-flammable chlorine- 
containing solvents can then be included in the range 
of extractants suitable for use in atomic-absorption 
analysis.’ 

Later investigations have shown, however, that the 
nature of the organic solvent has a strong effect on 
the AA-signal amplitude. Soaking of the extract into 
the graphite or its spread over the atomizer surface, 
the volatility of certain extracted compounds at el- 
evated temperatures, and other factors may also 

hinder the combination of extraction with 
ETA-AAS. The literature data concerning the behav- 
iour of organic extracts in ETA are largely con- 
tradictory. One of the reasons for this is the consid- 
erable sensitivity of the extracts (compared to 
aqueous solutions) to atomizer parameters (geometry 
and material),3 shield-gas composition and the 
method used for recording the AA-signal. 

It should be noted that some of the AAS tech- 
niques involving extraction of the determinand ele- 
ments from the matrix have become obsolete, since 
they were originally adapted to the first ETA models 
which were not as perfect as the modern ones. 
Improved ETA characteristics also considerably im- 
prove the sensitivity of extract analysis.4 

To date there has been only one review published 
which deals with certain aspects of the effect of the 
nature of the extracted complex on elemental analysis 
by ETA-AAS.S The effect of the nature of the organic 
solvent on the AA-signal amplitude in ETA has been 
studied in work devoted specifically to the analysis of 
petroleum products by ETA-AAS.6 

In this paper we consider the most important 
aspects of the analysis of organic extracts by 
ETA-AAS. 

EFFECT OF ORGANIC SOLVENT 

Extract sampling and behaviour on the atomizer sur- 
face 

Analysis by ETA is accompanied by a number of 
effects that are common to all organic extracts and 
are due to their good wetting ability with respect to 
graphite, plastics and metals. 

The wetting of plastic micropipette tips with the 
extracts results in a sampling error of as much as 7% 
(compared to 1.5% with aqueous solutions).’ The 
amount of extract remaining in the tip may depend 
largely on the reactant concentration and be as high 
as 30% of the total amount added.* Extract-sampling 
reproducibility may be improved if the micropipette 
tip is made to touch the atomizer surface. This can 
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be done by enlarging the sampling orifice,’ using a 
bent tip” or a graphite platform. An alternative is to 
wash the tip with acetone or chloroform and add the 
washings as well.” 

The reliability of extract analysis may be improved 

by automatic sampling. For instance, the 
Perkin-Elmer AS- 1 autosampler ensures a sampling 
reproducibility of better than l%.‘* The capillary of 
the autosampler can be treated with an 
organofluorine compound which will decrease wet- 
ting of the capillary by the organic extract and 
thereby improve the sampling reproducibility.‘3 

When automatic sampling is used, the recommen- 
ded practice is to use organic solvents that are denser 
than water; to prevent evaporation, the extracts may 
then be covered with a supernatant layer of waterI 
or the aqueous phase. ‘* For solvents less dense 
than water it is recommended to alternate the sample 
extracts in the autosampler with extracts containing 
reference amounts of the determinand elements, 
which allows corrections to be made for concen- 
tration variations due to solvent evaporation.” 

The good wetting of graphite by organic solvents 
promotes its penetration by the extracts. Partial 
penetration, observed even in analysis of aqueous 
solutions’6,‘7 may give rise to signals of complicated 
shape. To prevent this undesirable effect, organic 
extracts” and petroleum products” can be added to 
the electrothermal atomizer heated to the “drying” 
temperature, and this will also prevent sample from 
spreading over the atomizer surface.” 

In some cases, however, the spread of extracts over 
the atomizer surface may somewhat improve the 
sensitivity:It has been shown20x2’ that by starting the 
temperature control programme 2.5 min after addi- 
tion of the extract to the ETA (HGA-2000) and using 
temperatures below the solvent (methyl isobutyl ke- 
tone; MIBK) boiling point for slow drying, a better 
spread of the extract may be achieved. In this way the 
signals of Ni, Co and Cd extracted as their pyr- 
rolidine dithiocarbamates (PDTC) are enhanced by a 
factor of 1.2-2. 

As a rule, however, the spreading of extracts on the 
atomizer surface hampers analysis, distorts the AA- 
signals, renders the analytical curve non-linear22 and 
decreases the sensitivity. 23 Owing to the tendency of 
extracts to spread, their analysis is affected to a 
greater extent than that of aqueous solutions by the 
presence of a temperature gradient along the heated 
graphite tube (GT).24,2s 

It appears to have been sample-spreading that was 
responsible for the considerably poorer precision 
reported for analysis of extracts (than for analysis of 
aqueous solutions)*“** (in this work the first commer- 
cial ETA models, the HGA-70 and HGA-2000, were 
mostly used). It was found possible to improve the 
precision considerably by using a “grooved” GT 
allowing localization of the sample in the central part 
of the tube.26 For example, the relative standard 
deviation for 0.1~pg/ml copper in MIBK extracts was 

2% for the “grooved” GT (HGA-70) but 10% for the 
standard GT.27 It has also been proposed to use a 
graphite boat or a tantalum cup for localizing the 
sample in the central part of the electrothermal 
atomizer7.29 or to restrict the volume of solvent fed 
into the ETA.3ox3’ 

Normally, the use of a GT with a coating to 
prevent the penetration but not the spreading of the 
extract does not allow a high precision to be ob- 
tained. For example, covering a GT with tantalum 
foil to improve the sensitivity of barium determin- 
ation3* resulted in an increase of the relative standard 
deviation from 3% for aqueous solutions to 8% for 
MIBK extracts of barium thenoyltrifluoracetonate, 
and this was attributed primarily to the spreading of 
the extract over the atomizer (HGA-70) surface. 
Similar effects have been observed for a GT with a 
pyrolytic coating. 33 For example, the relative stan- 
dard deviation in the determination of lead and 
cadmium extracted as diethyldithiocarbamates 
(DDTC) into carbon tetrachloride is 14x, compared 
to 3% when a porous graphite tube is used.34 

Hence, the suggestion that the deterioration of the 
precision of extract analysis by ETA-AAS is due to 
soaking into the graphite35 and that it may be pre- 
vented by using a pyrographite-coated GT (reference 
1, p. 30), is not necessarily correct. That the pyro- 
coated GT can successfully be used for analysis of 
extracts has been attributed primarily to localization 
of the sample at the centre of the atomizer.36 

Attempts have been made to establish a correlation 
between the precision of the analysis of extracts and 
the physical properties of the analysis solution (sur- 
face tension, viscosity, density).37v38 For example, 
Young and Baldwin, 39 for the determination of cobalt 
by AAS after extraction of the PDTC complex, tried 
several solvents (benzene, chloroform, carbon tet- 
rachloride, MIBK, ethyl acetate) and selected the last 
because it had the lowest surface tension. However, 
the advantages offered by solvents selected on the 
basis of the surface tension criterion have not been 
discussed in this work. 

By use of modern ETA apparatus having a small 
geometrical size and furrows for sample localization, 
it has been possible to reduce considerably the ad- 
verse effect of sample spreading. Thus with the 
HGA-70 the relationships between the absorbance 
and extract volume fed into the atomizer are linear up 
to a sample volume of 10~1,~’ and for the HGA-74 
up to 50 ~1.~ The precision of extract analysis with 
modern ETA equipment is largely determined by 
sampling precision, I2 the chemical composition of the 
solvent and the extracted complex,4’ and may be as 
good as that of AAS analysis of aqueous solutions.42 

Chemical and spectral interferences 

Recently more and more evidence has been gath- 
ered that confirms the strong effect of the nature of 
the organic solvent on ETA analysis. With a few 
exceptions the mechanism of the effect is not yet 
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clear, so generalized recommendations for use of one 

or another solvent in ETA methods have been rare 
and contradictory. For instance, Dornemann and 
Kleist43 hold MIBK to be an unsuitable solvent for 
ETA-AAS, whereas Fuller24 recommends the use of 
xylene and MIBK as solvents for organometallic 
compounds, and Elson and Albuquerque” regard 
MIBK as having good compatibility with ETA. 

Determination of elements in the presence of 
halogen-containing solvents may involve consid- 
erable difficulties. Even in one of the first works on 
extract analysis by ETA* it was reported that the use 
of chloroform and carbon tetrachloride was appar- 
ently responsible for the poor sensitivity of deter- 
mination of a number of elements and made the 
charring step necessary. The adverse effect of 
halogen-containing solvents on the determination of 
Pb,3’ Cd,4 Ge,45 co,46 Fe,47 Ga and In,4”52 Cd, Fe, Ag, 
Ni and CO,~ BeS3 and SnS4 has also been shown 
experimentally. 

The depressive influence of solvents such as chloro- 
form, di(2-chloroethyl) ether (DCEE) or carbon tet- 
rachloride may be quite considerable. This can be 
seen from determination characteristics of gallium 
and indium oxinates in MIBK and chloroform me- 
dium, and of their halide complexes in MIBK and 
DCEE.52 The suppression and distortion of the AA- 
signals in the presence of halogen-containing 
solvents4’ are usually attributed to formation of 
thermally stable and volatile halides which are par- 
tially carried away from the electrothermal analyser, 
undissociated. The formation of halides is pro- 
moted by the existence of halogen compounds with 
graphite of the type C,+X-.3X2 that are stable at 
temperatures of up to 2000”.55 It should be noted, 
however, that AA-signal suppression in the presence 
of carbon tetrachloride has also been observed when 
a tungsten atomizer was used.45 

Volland et d3 assume that the depressive effect of 
halogen-containing solvents on AA-signals may be 
due to the formation of volatile organometallic com- 
pounds such as CF,ZnI. Using radioactive isotopes, 
they have shown for Fe and Co that the presence of 
chloroform lowers the temperature at which these 
elements begin to be lost, the loss being proportional 
to the duration of the charring step. 

In some cases the depressive effect of chlorine- 
containing solvents can be eliminated by introducing 
ascorbic acid into the ETA, especially when a 
furnace-platform atomizer is used.52 Table 1 gives the 
signals obtained in the analysis of gallium and indium 
extracts in an HGA-74 atomizer in which graphite 
disks, 4 mm in diameter, 1.25 mm thick and having a 
l-mm deep groove, were used as the platform. For 
chloroform extracts, the combination of a platform 
and ascorbic acid greatly enhances the signal (76-fold 
for indium acetylacetonate).52 Attempts to eliminate 
the depressive influence of chloroform on the AA- 
signals of Cd and Fe by feeding mineral acids and 
hydrogen peroxide into the graphite-tube furnace’ 
were unsuccessful. 

Determination of tin in the presence of chlorine- 
containing solvents (CHCl,, Ccl,) is accompanied by 
the appearance of a maximum on the signal vs. 
charring-temperature curve (the charring curve).54 
The sensitivity may be improved if the charring step 
is continued for a period of 40-60 set, but in view of 
the maximum, control is necessary to maintain the 
charring temperature (Tchar) at the optimum level. If 
a 5% aqueous ascorbic acid solution is added to the 
atomizer (HGA-76B) before the analysis a plateau is 
obtained on the charring curve; the charring step may 
be shortened to 10 set and the sensitivity for tin 
improved. 

In analysis of carbon tetrachloride extracts con- 
taining cobalt-DDTC the AA-signal is not only 
strongly suppressed but also shifted to a temperature 
300” higher.46 These authors believe that this shift 
can, in part, be attributed to modification of the 
properties of graphite by the chlorine that is formed 
on decomposition of carbon tetrachloride. For exam- 
ple, the penetrability of graphite increases, enhancing 
the diffusion of cobalt compounds into its bulk. 
These effects disappear when a tantalum boat, which 
precludes interaction between carbon tetrachloride 
and the graphite, is used. The degree of interference 
can also be reduced by adding water together with the 
chlorine-containing solvents, to the graphite atom- 
izer.46,47 On heating, the water reacts with the graphite 
to form hydrogen, which combines with the chlorine 
to give hydrogen chloride, which is carried away from 
the GT during the charring treatment. Hydrogen can 

Table 1. Effect of ascorbic acid (asc) on the AA-signal for indium and gallium (0.1 and 0.08 pg/ml, respectively) in extracts 
and aqueous solutions; atomization from the GT wall (A,) and disk (A,) 

Solution or extract 

O.lM HNO? 
O.lM HCl 
O.lM HBr 
Chloride complex in MIBK 
Chloride complex in DCEE 
Bromide complex in MIBK 

A, 

0.101 
0.026 
0.022 
0.032 

- 
0.025 

In 

A, 

0.177 

A,, asc 

0.127 

A, 

0.154 

Ga 

Ad 

0.209 

A,, asc 

0.276 
0.072 0.212 0.064 0.105 0.264 
0.085 0.205 0.057 0.094 0.213 
0.130 0.221 0.061 0.138 0.271 

- - 0.012 0.109 0.224 
0.072 0.126 0.045 0.130 

Oxinate in MIBK 0.075 0.094 0.107 0.070 0.132 0.247 
Oxinate in CHCl, 0.008 0.021 0.310 0.006 0.071 0.228 
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also be formed in ETA through thermal decom- 
position of hydrocarbons4 To eliminate chlorine 
interference in determination of lead, Frech and 
Cedergrens6 added hydrogen to the shield gas. 

However, in the case of certain elements, viz. 
copper,38*57 gold and palladium58 and selenium,s9 
chlorine-containing solvents tend to increase the AA- 
signal. Absence of any depressive effect of chloroform 
and carbon tetrachloride on the signals of Fe, Cd, Cu, 
Ni, V, Pb has been recorded.3’s38 

Solvents of other types generally have less effect 
than the halogen-containing compounds on 
ETA-AAS determinations, but the effects do not, as 
a rule, lend themselves to any reasonable expla- 
nation.’ It is not yet clear why for the chloride and 
bromide complexes of indium and gallium the sensi- 
tivity follows the order MIBK > butyl acetate (BAC) 
2 amyl acetate (AAC), whereas for indium iodide it 
is BAC = AAC > MIBK.49,50 It has been found” 
that the signals obtained for beryllium in organic 
solvents decrease in the order aromatic hydrocarbons 
> esters = alcohols 2 MIBK > chlorine-containing 
hydrocarbons; the order is practically the same 
for the N-cinnamoyl-N-phenylhydroxylamine and 
acetylacetone complexes. 

We have found” that in analysis of extracts con- 
taining tin oxinate in chloroform, tin losses occur at 
T char > 500”, and for extracts in o-xylene at Tchar > 
800”. Also, the dependence of the AA-signal on the 
ETA heating rate during charring is considerably 
decreased when o-xylene is used. Kamada et aLs9 
believe that selenium diethyldithiocarbamate can be 
sublimed along with MIBK during charring. To 
improve the sensitivity for selenium they proposed 
use of carbon tetrachloride as the organic solvent. 

In recent years, more and more attention has been 
given to investigation of non-specific light-absorption 
caused at the atomization stage by residues of an 
organic solvent. 49,50,58*60 Until recently it was common 
to believe that no such problem existed at all, since 
the organic solvents used for extraction usually have 
relatively low boiling points and hence should be 
completely removed from the electrothermal atom- 
izer during drying of the extract, Nevertheless, in- 
vestigations of the relationship between non-specific 
light-absorption and wavelength in the region of 
200-350 nm for a number of organic solvents have 
shown6’ that even after charring (at 800” for 30 set) 
the non-specific absorption occurring during the at- 
omization step may not be always compensated by 
the deuterium background-corrector. The non- 
specific absorption was particularly intense in the 
presence of cyclohexane. However, cyclohexane does 
not cause non-specific light absorption at wave- 
lengths shorter than 200nm in ETA.62 

The extent of non-specific absorption in the pres- 
ence of organic solvent residues may also depend on 
the material the atomizer is made from. We have 
found that with a GT coated with a layer of pyrolytic 
graphite, a non-specific absorption is observed in the 

presence of o-xylene at the tin resonance-line wave- 
length (224.6 nm), which could not be compensated 
for by the deuterium background corrector (Tchar = 
800”, for 40 set). On the other hand, no difficulties of 
this kind arise in analysis of o-xylene tin extracts 
when a porous graphite tube is used. 

EFFFJX OF THJ3 NATURE OF THE 
EXTRACTED COMPLEX 

Volatility and thermal stability of compounds in ETA 

It is well known that many chelates, halides and 
some other metal compounds can be sublimed un- 
decomposed (e.g., Sokolov63). Aggett and West,’ who 
were apparently the first to observe the effect of 
organic reagents on sensitivity, assumed that it was 
due to the incomplete atomization of chelates which 
underwent sublimation. They hypothesized that in- 
terferences of this kind would result in particular 
difficulties in analysis of extracts by use of ETA 
systems. This opinion is currently advocated by Stur- 
geon et a1.64 Pelosi and Attolini48 preferred cupferron 
as an extracting reagent for gallium because its 
chelates are non-volatile. 

There have been only a few cases, however, where 
this effect has been experimentally observed. KeiP5 
believes that the partial sublimation of chelates dur- 
ing the charring step is responsible for the low 
sensitivity and poor precision of thallium deter- 
mination in MIBK extracts of its DDTC complex. 
Kamada et aZ.59 who observed that the sensitivity for 
selenium was higher for the diethyldithiocarbamate 
than the pyrrolidine dithiocarbamate (solvent 
MIBK), assumed that the latter complex has a higher 
volatility. According to our results,s4 certain tin 
chelates (the diethyldithiocarbamate and oxinate) can 
undergo sublimation when their extracts are analysed 
with the HGA-76B. This both lowers the sensitivity 
and tends to decrease the maximum Tchar from the 
800” permissible for aqueous solutions and extracts 
containing chloride complexes and non-volatile tin 
chelates (cupferronate, N-benzoyl-N-phenylhydroxyl- 
aminate) to 500” for the oxinate and 700” for the 
diethyldithiocarbamate (solvent chloroform). 

It is really difficult to analyse extracts in which the 
elements to be determined are present as iodide 
complexes. For example, Clark and Viets@j found that 
of 18 elements (including In, Sn, Pb, As, Sb, Bi, Se) 
extracted as iodide-complexes by means of amine 
solutions in MIBK, only Pt and Pd could be deter- 
mined by direct ETA analysis. In view of the high 
volatility of metal iodides, it has been recommended 
to use stripping when working with this kind of 
extraction system.66s67 Aruscavage,’ however, was 
able to analyse directly a toluene solution of the As, 
Se and Sb iodide complexes by using nickel nitrate as 
a matrix modifier for the determination of As and Se. 
The iodide system (with amyl or butyl acetate as 
extractant) has been recommended” for the extrac- 
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tion and AAS determination (HGA-74) of indium, 
since the sensitivity is higher and the extraction is 
quantitative over a broader acid concentration range 
for the iodide complexes than for the chloride and 
bromide systems. There are reports of the possibility 
of direct determination of Sn,68 Pb,- Bi,“,” and Se” 
in iodide extracts. 

Data about the volatility of compounds of other 
classes have been published. It has been shown73 that 
the drying temperature should not be higher than 40 
for isoamyl alcohol extracts of the platinum-tin(I1) 
chloride complex. Startseva et ~1.‘~ believed that it 
was high volatility which prevented direct deter- 
mination of molybdenum in phosphomolybdic acid 
(MPA) extracted into a 1: 3 mixture of n-butanol and 
carbon tetrachloride; they were compelled to strip the 
molybdenum. On the other hand, Tyson and 
Stewart75 could directly analyse an MPA extract by 
use of the A3700 atomizer (graphite rod); perhaps the 
analysis was facilitated because they used a different 
solvent (isobutyl acetate). 

To improve the sensitivity of tin determination by 
means of its .volatile chelates we used slow heating 
during the charring step, to cause thermal decom- 
position of the complexes.s4 For example, when we 
changed the heating rate from 6Oo”/sec to 8”/sec 
(heating-rate selector of the HGA-76B changed from 
zero to the 2 x 30 setting), the magnitude of the 
AA-signal of tin (oxinate in chloroform) increased 2.8 
times (Tchar = 900”). Considerable improvement in 
sensitivity was also achieved by adding ascorbic acid. 
In the analysis of aqueous solutions of tin or of 
MIBK extracts containing its chloride complexes or 
non-volatile chelates the addition of aqueous ascorbic 
acid to the GT enhanced the signal by as little as 
20-30x, whereas in the case of volatile chelates 
(oxinate, diethyldithiocarbamate) the signal was en- 
hanced 2.0-2.8 times.54 The sensitivity for tin may be 
further improved by using a tungsten carbide-coated 
GT and a graphite platform. 

Cases have been reported in which chelate vol- 
atility did not have any significant effect on extract 
analysis with ETA. It has been shown76 that the 
sensitivities and charring curve shapes obtained for 
analysis (with the HGA-74) of extracts containing 
different cobalt chelates do not differ much. On the 
other hand, a correlation has been observed between 
the cobalt chelate volatility and the magnitude of the 
AA-signal when a tantalum boat is used for flame 
atomization. According to Borggaard et al.,13 cobalt 
diethyldithiocarbamate (solvent xylene) is not sub- 
limed during the charring step, over a temperature 
range of 175-llOO”, although according to thermal 
data this chelate should sublime at 267”. 

By extraction of its dithizonate into chloroform 
Hal&z et al.” were able to make mercury much less 
volatile than it is in the form of inorganic com- 
pounds. Extraction in this case not only separated the 
determinand from the matrix but also prevented its 
loss during the drying step. 

Also important in ETA-AAS are the thermal 
stability and volatility of the molecules formed in 
thermal destruction of the compounds containing the 
analyte elements. The lower permissible Tehar and 
sensitivity for lead and cadmium determination when 
extracts of the PDTC complexes were used instead of 
aqueous solutions was attributed” to the formation 
of the volatile sulphides CdS and PbS by thermal 
decomposition of the chelates in the inert atmosphere 
used (argon). If an oxidizing atmosphere is used 
during the charring step, the less volatile oxides and 
oxysulphides are formed, and the lead signals for 
extracts and aqueous solutions are similar. The low 
sensitivity of tin determination in DDTC extracts and 
in the presence of a number of sulphur-containing 
substances (sulphuric acid, cysteine) is also attributed 
to the formation of the thermally stable and volatile 
monosulphide.78 

Halide ions tend to interfere with the deter- 
mination of gallium and indium in aqueous solutions 
and extracts containing halide complexes of these 
elements.49,s0 With a view to fmding the reasons for 
such effects, the absorption spectra of the GaO, GaX, 
InO, InX (X = Cl, Br) molecules formed in the 
graphite atomizer during the charring and atom- 
ization of halide aqueous solutions and MIBK based 
extracts, were recorded.5’ It has been shown that the 
higher the halide ion concentration in the analysis 
solution the greater is the ratio MeX/MeO (Me = In, 
Ga). Since the dissociation energy of Me0 is lower 
than that of MeX, the formation of the monohalides 
is liable to decrease the sensitivity. The reduction of 
the gallium signal in the order oxinate > dichloro- 
oxinate > dibromo-oxinate (extraction with 0.02M 
reagent solutions in o-xylene) is also apparently due 
to the formation of the monohalides. The signal for 
the dichloro-oxinate is also lower than that for the 
oxinate (solvent toluene) for beryllium.53 

Dependence of the atomization mechanism on the 
nature of the donor atom 

The composition of the extractable complex may 
have a strong effect on the atomization mechanism. 
Hulanicki et ~1.’ have investigated the metihanisms of 
atomization of copper and nickel, using a broad 
range of reagents. For chelates containing the same 
donor atoms the log A us. l/T relationships have 
practically the same slopes. On these grounds the 
following atomization mechanisms were proposed for 
complexes with nitrogen, oxygen and sulphur as 
donor atoms: 

N 

> 
Me+Me(solid)+Me(gas) 

N 

0 

o> 
Me-+Me(solid)- Me(gas) 

S 

S > 
Me--+MeS(solid)--rMeS(gas)+Me(gas) 
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The AA-signal magnitude has also been compared 
with the bond type in the complex by Komarek et 
a1.76 

The number as well as the nature of the atoms that 
directly react with the metal in the chelate is im- 
portant. Atomization of cobalt from an hydrochloric 
acid solution and from a solution of cobalt-DDTC 
in MIBK follows, apparently, the same mechanism.46 
However, if an aqueous solution of cobalt is analysed 
with a graphite tube which has been impregnated 
with carbon disulphide, the atomization activation 
energy is increased by an amount about equal to the 
heat of formation of cobalt sulphide. The effect of the 
sulphur-containing reagent concentration on arsenic 
determination in a molybdenum microtube has been 
reported.79 Signals of different shape were obtained 
for two chelates containing As-S bonds (diethyl- 
dithiocarbamate and thionalide complexes). The au- 
thors attributed this to the different solubilities of the 
reagents in organic solvents: the readily soluble thio- 
nalide creates an excess of sulphur in the ETA, and 
this tends to change the atomization mechanism. 

When lead was determined in aqueous solutions 
and organic extracts (with ETA as a molybdenum 
microtube) it was found that for naphthenate, ox- 
inate and diethyldithiocarbamate the AA-signal was 
maximal at a lower atomization temperature than for 
inorganic compounds of lead.80 In this case the 
sensitivity for the oxinate and DDTC was better than 
for chloride or nitrate solutions of lead. The authors 
assumed that decomposition of these chelates pro- 
duced free metal rather than its oxide. 

Ishizaki and Ueno” advanced a hypothesis that 
the size of the chelate had a strong effect on ETA 
analysis of extracts. The larger the molecular volume 
of the organic reagent used, the less the chelate will 
soak into the graphite, and therefore the higher the 
AAS sensitivity. However, in later work53,82 this hy- 
pothesis was not verified experimentally. 

Non-spec$c light absorption 

Incomplete removal of organic materials during 
the charring step may cause considerable difficulties 
in the ETA analysis of extracts. Charring conditions 
have been found for extracts of different nature, 
under which there is no non-specific light-absorption 
at the analytical lines of gallium (287.4 nm) and 
indium (303.9 nm) during the atomization step,49.so 
but when such poorly volatile extractants as tributyl 
phosphate (TBP) and trioctylamine were used, an 
extra (initial) charring cycle (500” for 45-90 set) was 
necessary to remove the bulk of the extractant. 
Nevertheless, the temperatures for the second char- 
ring cycle had to be 1400” and 1050”, respectively. 

There is evidence that whatever its original form in 
the solution (TBP included) phosphorus cannot be 
carried away from the ETA at a temperature 
<800”.83 Fishkova et a1.62 were unable to detect 
selenium after its extraction as 4$benzopiazselenol 
into TBP, even though the deuterium corrector was 

used. Probably, the reason was that even at relatively 
high atomization temperatures much of the phos- 
phorus is transferred into the gas phase in the form 
of species (P2, PO, POr, etc.)*4 which result in a 
structured background. The sensitivity of ETA-AAS 
determination of elements in TBP-based extracts is 
usually significantly poorer than that in aqueous 
solution.49,50,8S Therefore, the use of organophos- 
phorus compounds for the extraction of elements of 
high and medium volatility that are to be determined 
by the ETAA technique is attended by apparent 
hindrances. 

A structured background which hampers analysis 
also appears in the determination of arsenic in di- 
alkyltin dinitrate extracts. 86 Matrix modification with 
nickel nitrate allows Tchar to be increased to 800”; at 
this temperature all the organic components of the 
extracts are totally decomposed, but significant 
amounts of tin remain in the graphite tube, and also 
hamper the AA analysis. The non-specific absorption 
at the analytical line of arsenic (193.7 nm) may be 
reduced to a level that can be compensated for by the 
deuterium background-corrector only by using a 
graphite platform and modification of the sample 
with nickel nitrate. 

Saturated solutions of ammonium pyrrolidine di- 
thiocarbamate and hexamethyleneammonium hexa- 
methylenedithiocarbamate in MIBK cause an 
insignificant background absorption in ETA-AAS 
over the wavelength range 200-300 nm.6’ However, 
during storage of PDTC solutions, products are 
formed that give rise to non-specific light-absorption 
that cannot be fully counterbalanced by the deu- 
terium corrector. Therefore, only fresh PDTC solu- 
tions should be used for extraction/atomic- 
absorption analysis. Non-specific absorption by or- 
ganic reactants may also increase with aging of the 
graphite tube.58 

COMPARISON OF SENSITIVITIES 
FOR AQUEOUS SOLUTIONS AND 

GRGANIC EXTRACTS 

Fuller24 (p. 48) states that during extract analysis 
by ETA most complexes decompose into stable inor- 
ganic compounds in the charring step, which ensures 
about the same sensitivity as in analysis of aqueous 
solutions. He determined Fe, Ni, Co and Cu in 
extracts containing the DDTC complexes of these 
elements or their complexes with 4,7-diphenyl- 
1, lo-phenanthroline (solvent MIBK), using aqueous 
standard solutions (HGA-70, grooved graphite 
tube).87,88 Calibration with aqueous solution stan- 
dards, which possess some advantages over extracts 
(longer shelf-life, ease of preparation), has also been 
used in others.2,‘0*“,89,90 

Several papers have reported that ETA-AAS sensi- 
tivity is better for extracts than for aqueous solu- 
tions.4’,80*9’-96 Most of these investigations used a 
metal tube (molybdenum or tungsten) for the ETA; 
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perhaps in these cases the better sensitivity was due 
to the construction of the atomizer structure, and was 
not in fact higher for all the extracts investigated. 

Bratzel et ~1.~’ obtained interesting results when 
they determined gold and silver in geological and 
metallurgical samples (with a CRA-61). The analyte 
elements were first extracted into MIBK as their 
chloride and thiophosphoric acid tri-iso-octyl ester 
complexes respectively. It was found that the charac- 
teristic gold concentration (Le., the concentration 
giving 1% absorption) is three times as large for 
aqueous solutions as for extracts; for silver the char- 
acteristic concentrations were the same. Exposure of 
the atomizer to a diffusion hydrogen flame did not 
affect the sensitivity for silver in aqueous solutions, 
whereas in the case of extracts the characteristic 
concentration decreased by as much as three orders 
of magnitude. The authors assumed that under these 
conditions direct atomization of silver occurred as its 
complex burned. 

Very often the literature contains contradictory 
data about sensitivity of analysis of extracts by 
ETA-AAS. For determination of tin in aqueous, 
water-ethanol and heptane solutions with an HGA- 
2100, Trachman et ~2.~’ obtained almost the same 
sensitivity with all the solutions investigated, whereas 
Varnes and Gaylor” found AA-signals for aqueous 
and water-alcohol solutions were about the same, 
but half the size for 3% acetic acid media and only 
a sixth as large for heptane solutions. 

All in all, the problem of the relative sensitivities 
for analysis of aqueous solutions and organic extracts 
by ETA has not yet been thoroughly studied. Com- 
parison of our results with others allows us to 
conclude that in most cases the sensitivity is some- 
what poorer for organic extracts than for aqueous 
solutions, and that this is due to various combina- 
tions of the causes we have already discussed, viz. 
spreading of the extract on the ETA surface, vol- 
atility of the extracted compound, effects of the 
nature of solvent and organic reagent, etc. 

SOME OTHER FEATURES OF 
EXTRACT ANALYSIS 

In a number of cases it is very difficult to 
differentiate between the effects of organic solvent, of 
the form of the element in the extract, of the atomizer 
material and geometry, and other factors, on the 
ETA analysis of extracts. We will now consider the 
combined effects of these factors. 

The products of incomplete combustion of the 
organic matrix may strongly affect the ETA analysis. 
Margulis et aL9’ attempted to determine platinum 
and palladium in the third phase formed in the 
hexadiantipyrylmethane-chloroform (benzene) sys- 
tem with the hope of increasing the preconcentration 
factor by l-2 orders of magnitude. They diluted the 
viscous third phase with ethanol and applied it to the 
GT. However, after evaporation of the solvent an 

organic residue remained in the GT which was hard 
to decompose and therefore hampered the AA anal- 
ysis. For more complete destruction of the organic 
matrix during determination of ruthenium in ex- 
tracts, Dornemann and Kleist’@’ blew air through the 
HGA-500 used, during the charring step. 

The same authors assume that in ETA, MIBK 
shows a tendency towards polymerization and co- 
king, which affects the atomization reproducibility, 
especially in the case of highly volatile elements;” 
they propose use of a 7: 3 v/v di-isopropyl 
ketone/xylene mixture (instead of MIBK), which is 
completely evaporated when the electrothermal at- 
omizer is heated. The lower sensitivity for vanadium 
when extracts of certain of its chelate and thiocyanate 
complexes are subjected to charring in a tungsten 
atomizer has been attributed to the formation of 
vanadium carbide through reaction of the element 
with the organic matrix residue.95 

There is evidence concerning a positive effect of the 
carbon that is formed on decomposition of the 
extract in the atomization process. Thus it has been 
suggested76 that in analysis of cobalt extracts Co0 is 
more effectively reduced to the metal in this way, and 
for this reason the sensitivity is higher for deter- 
mination of cobalt in extracts than in an aqueous 
solution of cobalt acetate. 

Data concerning the effect of organic extracts on 
the lifetime of the graphite tube are scarce and - _ 

ADDITIONAL TREATMENT 
OF EXTRACTS 

When the extraction system used is insufficiently 
selective, the co-extracted components may give rise 
to considerable non-specific light-absorption’03 or 
suppress the analytical signal;” for equal interferent 
concentrations these effects may be larger for extracts 
than for aqueous solutions.‘w Also, the precon- 
centration achieved by extraction may fall short of 
meeting detection limit requirements.‘05.‘06 Therefore, 
various treatments are resorted to in 
extraction/atomic-absorption analysis, apart from 
optimization of the AAS conditions, use of more 
powerful and selective extraction systems,‘07 or the 
analyte-addition technique.26 

Mod$cation of matrix 

This approach has become rather commonly used 
owing to the small labour requirement and the possi- 
bility of using the same modifiers as those used in 
analysis of aqueous solutions. The use of transition 
metal compounds for increasing TEhar and improving 
the sensitivity of determination of selenium, arsenic 
and antimony9~72,86~'0"lll is a typical example. For 
example, the analysis element (selenium) and the 
modifying element (copper) are extracted simulta- 
neously as the DDTC and PDTC complexes.“2~“3 
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After extraction of the platinum group elements 
(Me) with a solution of l,l-hexamethylene-3-phenyl- 
thiourea (HMPTU) in chloroform, the presence of a 
copper/HMPTU complex (Me: Cu = 1:200) in the 
extract eliminates the considerable mutual effects of 
the platinum metals themselves.“4 

To concentrate bismuth for determination in water 
and urine samples, it can be extracted as the iodide 
complex into MIBK.” By using palladium chloride 
solution as a modifier it is possible to raise the 
charring temperature to 1000” and substantially im- 
prove the sensitivity of bismuth determination in the 
extract. It was mentioned that there should be phys- 
ical contact between the analyte and the solution of 
the modifier element (100 ~1 of aqueous palladium 
chloride were added to 20~1 of the extract). 

Selenium losses during charring following the ex- 
traction of its compound with 1,2-diamino4nitro- 
benzene into chloroform were prevented by using a 
GT coated with zirconium carbide.96 

Apart from transition element compounds, organic 
and inorganic acids, chelating agents, etc. may be 
used as matrix modifiers. We have discussed above 
the effect of ascorbic acid on aqueous solutions and 
extracts containing In, Ga and Sn.52*54 When anal- 
ysing extracts and aqueous solutions of Pb, Bi, As, Sb 
with a metallic electrothermal analyser, Ohta and 
Suzuki70~79~94~‘i5 were able to eliminate the interference 
from the matrix and improve the determination 
sensitivity, by adding a solution of thiourea. 

A sulphuric acid solution was added to the electro- 
thermal atomizer to prevent thallium losses during 
the charring step, in its determination in aqueous 
solutions and in toluene extracts containing the ion- 
association complex of TlCl; and Brilliant Greengo 
KeiP5 could determine thallium in extracts containing 
its DDTC complex in MIBK only after addition of 
0.5 ml of 2M nitric acid and 3.5 ml of ethanol to 1 ml 
of extract. Extract modification has also been used by 
others.72,113.“6 

Back-extraction 

Such multi-purpose measures as back-extraction of 
determinand74s”7 and washing extracts free from 
interferents9s75.99 are often used to improve the quality 
of the extraction/atomic-absorption determination of 
elements in ETA-AAS. Back-extraction allows the 
use of extraction systems that contain the analyte 
element as a volatile compound,“8 use of aqueous 
standards for calibration, further preconcentration of 
the element to be determined,28*“9 and can consid- 
erably increase the shelf-life of test solutions.@ 
Fitchett et a1.“’ succeeded in separating organic and 
inorganic arsenic compounds at the back-extraction 
stage. Various modifiers are used in analysis of 
back-extracts, to improve the determination sensi- 
tivity and eliminate interferences.‘2’-‘24 The draw- 
backs of methods relying on back-extraction of the 
analyte elements include more complicated pro- 
cedures and higher blank corrections. 

Increase in preconcentration factor 

To obtain a higher concentration of the deter- 
minand, such techniques as extract evapo- 
ration,‘06*‘07.‘2s’27 back-extract evaporation,‘*’ and a 
series of successive “extraction-stripping” cycles53,‘29 
are used; the preconcentration factor may then be as 
high as 104.io6 

Combined separation methods 

Combination of solvent extraction with other sep- 
aration and concentration methods or combination 
of two different extraction systems has been used for 
increasing the selectivity of separation of the elements 
to be determined. For example, the main interferents 
(Fe, Cu, etc.) have been removed by extraction as 
cupferronates and the elements to be determined 
subsequently extracted (nickel as its hexa- 
methylenedithiocarbamate with a mixture of di- 
isopropyl ketone and xylene,i30 tellurium as its chlo- 
ride complex,28 and manganese as its cupferronate 
into MIBK13’). 

For its determination in biological samples, sele- 
mum has been separated from the matrix with Am- 
berlite IR-120 cation-exchanger and subsequently 
extraction as selenium dithizonate into carbon tet- 
rachloride, permitted the element to be concen- 
trated.“O Extraction of the platinum elements with a 
solution of n-octylaniline in chloroform has been 
used for additional concentration after a fire assay 
with nickel sulphide as the collector.2s 

Co-precipitation with bismuth and ferric hydrox- 
ides was used for separation of chromium in different 
oxidation states;“* before determination of the chro- 
mium by ETA the macroelements were separated by 
extraction of their chloride complexes with a 5% 
solution of tri-iso-octylamine in p-xylene. Combined 
separation methods based on precipitation (co- 
precipitation) and solvent extraction have also been 
described.2’,‘33 

CONCLUSION 

The combination of liquid-liquid extraction and 
ETA-AAS is a rather effective and versatile hybrid 
technique for trace analysis. The difficulties arising in 
its practical applications are due primarily not to any 
limitations of the principle of the method but to its 
being insufficiently developed. The choice of the 
extraction system with regard to its particular behav- 
iour under the conditions used in ETA, and applica- 
tion of such techniques as modification, atomization 
from a graphite platform, and variation of the ETA 
heating rate at all analysis stages, permit the deter- 
minations to be carried out with good sensitivity, 
accuracy and precision. 
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Summary-A method for quantitative determination of uranium in wet phosphoric acid containing 
0.001-0.02% of uranium has been developed. After reduction with Fe or FeSO,.H,O, uranium(IV) is 
extracted with a kerosene solution of an equimolar mixture of mono- and dinonylphenylphosphoric acids. 
The uranium is stripped with an oxidizing medium consisting of 1OM H,PO, containing NaClO,. The 
uranium stripped is determined spectrophotometrically with Arsenazo III. 

Phosphate minerals contain 0.0014020% of ura- 
nium. In the decomposition of these minerals with 
sulphuric acid (widely used in most of the wet 
production methods) about 80% of the uranium 
contained in the minerals is dissolved. The rest re- 
mains in the phosphogypsum wastes. Many methods 
for uranium recovery in the wet phosphoric acid 
industry have already been developed and applied on 
the commercial scale, mainly in the USA, Canada, 
France and Japan.14 

The need for process control as well as deter- 
mination of material balance requires a sensitive and 
accurate analysis for uranium in phosphoric acid. 

Determination of uranium in the presence of 
different mineral impurities is a difficult analytical 
problem, especially as the uranium content being 
determined is much smaller than the content of 
impurities coming from the different minerals present 
and from the solutions used for their decomposition. 
Many analytical methods for uranium, making use of 
various laboratory and instrumental techniques, have 
already been published, but so far, none of them is 
universal enough to be directly applied to deter- 
mination of uranium in wet phosphoric acid, phos- 
phogypsum and phosphate rocks. Most of them refer 
to determination of uranium in specific materials, 
e.g., sulphuric acid,5 aluminium nitrate solutions,6 
protective materials used in nuclear power-plants,’ 
Portland cement,’ sea-bottoms,9 rocks and miner- 
als, ‘O-l5 uranium ores,16 soils,” sea-water9*‘* and natu- 
ral water.19 

Methods for determination of uranium in phos- 
phate rocks” and aqueous solutions obtained by their 
decomposition with mineral acids*’ are also known. 
The methods are often based on solvent extraction** 
with reagents such as tributyl phosphate23*24 or tri- 
alkylamines.25 

Many methods for uranium determination can be 
used in the presence of thorium,6,9,” iron, copper, 
thorium, molybdenum, vanadium and chromium,” 
or thorium and zirconium.‘3*27 

The highest sensitivity is provided by the methods 
developed by Korkisch, ‘*,I4 based on use of Arsenazo 
III, but they have the disadvantage that most heavy 
metals, fluorine compounds and phosphate (the main 
component of wet phosphoric acid) cause errors. 
Although procedures for diminishing these effects 
have been suggested, ** their direct application still 
yields unsatisfactory results. 

Thus the fundamental problem is to separate ura- 
nium from wet phosphoric acid with an extraction 
system characterized by a high distribution coefficient 
and good phase separation, together with an effective 
method of stripping with a medium in which uranium 
can be determined by a sensitive calorimetric method. 
Kerosene solutions of mono- and dinonyl- 
phenylphosphoric acids (NPPA)29 seem suitable for 
this purpose. 

EXPERIMENTAL 

Preparation of the liquid ion-exchanger NPPA 

The phosphorylation was performed in a four-necked 
2-litre flask equipped with a stirrer, thermometer and bub- 
bler for the nitrogen supply. The contents of the flask were 
heated with a 375-W infrared lamp. Three moles of non- 
ylphenol (375 g) were placed in the flask and constantly 
stirred while 1,l mole of phosphorus pentoxide (156.9 g) was 
introduced in small portions at such a rate that the tem- 
perature in the flask did not exceed 70”. The mixture was 
then heated for 5 hr at 95-105” under a nitrogen atmo- 
sphere. After cooling, the product was a dark, brown- 
orange liquid, and was diluted with extraction grade ker- 
osene (Polish standard 68/C-96040). The solution of NPPA 
is resistant to orthophosphoric acid and acidic hydrolysis at 
temperatures up to 90”, and characterized by low solubility 
in water (which minimizes loss during the extraction). This 
liquid ion-exchanger effectively extracts U(IV) from 
strongly acidic solution and does not form kerosene- 
insoluble salts or complexes. 

Uranium extraction 

Add 2 g of FeSO,.H,O to 50 ml of “wet” phosphoric acid 
containing 20-30x of P,O, (3.35.3M H,PO,). Shake this 
solution with 10 ml of 0.16M NPPA solution in kerosene at 
25-35” for 1 hr. After phase separation strip the kerosene 
phase by shaking it with three 25-ml portions of 10M 
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phosphoric acid containing 0.2% of sodium chlorate, at W, 
for 30 min in each extraction. Combine the extracts and 
analyse them for uranium as below. 

Spectrophotometric determination of uranium 

The Korkisch method’2.‘4 is used, modified to allow for 
presence of phosphoric acid in the samples. 

Dilute 5 ml of ihe combined stripping iolutions to volume 
with distilled water in a lOO-ml standard flask. Transfer 2.5 
ml of this solution (containing 2-20 pg of uranium) into a 
50-ml conical flask and add 7.5 ml of concentrated hydro- 
chloric acid (bringing the solution to 9M HCl concen- 
tration). Add 0.3 g of oxalic acid to eliminate the effect of 
iron and then 1.1 g of zinc powder to reduce uranium(W) 
to uranium(IV). After adding the zinc, carefully plug the 
conical flask and mix the contents until the zinc has 
completely dissolved. Then add 1 ml of 0.1% aqueous 
solution of Arsenazo III. Measure the absorbance at 665 nm 
after 15 min. Optimum results are obtained for 2-10 fig of 
uranium. 

RESULTS AND DISCUSSION 

The extraction of uranium was performed in a 
thermostatic shaker unit (UNIPAN type 357) at 
temperature T,, with phase-volume ratio (aqueous to 
organic)f,, for a time t,. The uranium was extracted 
from phosphoric acid, concentration CpIoI, to which 
FeSO, . Hz0 had been added. The back-extraction 
was done in II steps (each with shaking for 30 min) at 
W, with phase-volume ratio (aqueous to organic)f,, 
10M phosphoric acid containing 0.2% sodium chlo- 
rate being used as the stripping agent. 

All experiments were done three times and the 
points shown in the figures are the arithmetic means. 
The results presented are equilibria data, and indepen- 
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Fig. 1. The effect of NPPA concentration on the distribution 
coefficient Ku, uranium extraction ‘I, (“%) and uranium 
recovery vu (“/$ from a solution of phosphoric acid contain- 
ing 28% P,O, (4.9M H,PO,) and 0.026% U(IV). T, = 21”, 

n, = 1 and f, = 5.0. 
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Fig. 2. The effect of phosphoric acid concentration on the 
distribution coefficient Ku and uranium recovery I,, (%) 

when using 0.16M solution of NPPA. 

dent of the duration of the equilibrium. Experiment 
showed extraction equilibrium was reached in 10 min. 

Figure 1 presents the effect of the NPPA concen- 
tration in the organic phase on the distribution 
coefficient Ku, the degree of extraction qe(O/o) and the 
degree of uranium recovery a,(%) in the extraction 
and stripping processes. In this case a single 30-min 
back-extraction was used, withf, = 5.0. It is seen that 
the NPPA concentration should be kept in the range 
0.1-0.2M. Higher concentrations of NPPA make it 
difficult to strip the uranium from the organic phase, 
but do not appreciably increase the initial extraction 
efficiency. 

The effect of phosphoric acid concentration on the 
uranium recovery q,,, and on Ku, is shown in Fig. 2. 
The extraction was done in a single step at 40” with 
f, = 5.0 and 0.2% Fe(I1) in the aqueous phase. Strip- 
ping was also done in a single step (30 min shaking) 
with f, = 5.0. It is seen that the stripping is most 
effective when the concentration of phosphoric acid 
in the aqueous phase is at least 7M. 

It should be noted, however, that the values of vu 
and Ku also depend markedly on the Fe(I1) concen- 
tration and the temperature, though these factors do 
not significantly affect the shape of the graph of 
dependence on acidity. 

Figure 3 shows the effect of Fe(I1) concentration 
on the extraction (qe) and stripping (q,) by triple 
back-extraction with f, = 2.5. It shows that in the 
presence of 0.15% Fe(I1) in the phosphoric acid 
solution, over 80% uranium extraction is possible. 
Higher concentrations of Fe(I1) give a higher degree 
of extraction but would require higher concentrations 
of sodium chlorate in the aqueous phase for the 
back-extraction. From the dependence of Ku on 
temperature (Fig. 4) it is evident that the extraction 
is best done in the temperature range 25-30”. For the 
stripping, the presence of not less than 0.2% of 
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0 01 
Fe(II) concentration L%) 

Fig. 3. The dependence of extraction yield qe (“/,) and degree 
of back-extraction q, (“/0) on concentration of Fe(I1) intro- 
duced as ferrous sulphate. Uranium extracted from phos- 
phoric acid solution containing 28% P,O, (4.9M H,PO,) 

and 0.012% U. T = 20”, f= 5.0, r = 1 hr and n = 1. 

sodium chloride in the acid used is indispensable, but 
higher concentrations do not increase the stripping 

yield. The stripping was found to work best within 
the temperature range 45-W. 

In the analysis of acids containing a higher amount 
of organic compounds (e.g., black acid from Florida 
or Morocco) l-2% of activated charcoal should be 
added and the analysis performed after the charcoal 
has been filtered off on paper. Tests have shown that 
90-95x of the impurities contained in wet phosphoric 
acid are not stripped along with the uranium. 

To determine the tolerance limits for potentially 
interfering species, various amounts were added to a 
stripping solution containing 4 pg of uranium per ml, 
and the uranium was determined. The results listed in 
Table 1 indicate that only iron(I1) has a serious effect. 

From these results it follows that the direct 
determination of uranium in wet phosphoric acid 
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Fig. 4. The dependence of the distribution coefficient Ku on 
temperature for NPPA concentrations of 0.04, 0.08 and 
0.13M. c,, = 28x, f = 5.0, T = 1 hr and Fe(I1) = 0.3%. 

and phosphogypsum with an error below 5% is 
impossible. 

A major problem in the analysis is the effect of 
phosphoric acid on the absorbance of the Arsenazo 
III-uranium(IV) complex since the w/w ratio of Pro, 
to U in the sample is between 6 x lo4 and 5 x 105. 
Figure 5 shows the effect of increasing phosphoric 
acid content on the absorbance for 5, 10 and 15 ,ug 
of uranium. Figure 5 shows that the amount of 
phosphoric acid used must be closely controlled and 
should be as identical as possible for all samples and 
standards. 

CONCLUSIONS 

The method presented seems attractive for deter- 
mination of uranium in crude wet phosphoric acids. 
The calibration can be done by applying the entire 
procedure to known amounts of uranium in phos- 
phoric acid of concentration not exceeding 30% Pro, 
(5.3M H,PO,). An alternative which completely elim- 
inates the effect of mineral impurities is based on 
determination of the calibration graph for the partic- 
ular kind of wet phosphoric acid being analysed. 

Table 1. The effect of foreign ions on the determination of 10 pg of uranium in 
the presence of 92 mg of Pro, (127 mg of H,PQ4) and 0.625 mg of NaClO, 

Quantity 
of foreign Uranium found, pg 

ions, 
fig SO:- F- SiFi- Ca2+ Fez+ A13+ K+ Na+ 

0 10.6 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
10 9.9 10.1 10.2 10.1 10.0 10.1 10.0 10.1 

100 10.1 10.1 10.3 10.1 10.0 10.3 10.2 10.2 
250 9.9 10.1 10.6 10.0 9.2 10.2 9.9 10.5 
500 9.8 10.0 10.3 10.1 9.1 9.9 10.2 9.9 

1000 9.8 10.4 10.4 10.4 8.3 10.2 10.3 10.2 
5000 9.7 10.2 10.4 10.5 6.6 10.2 10.4 10.0 
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Fig. 5. The dependence of absorbance A on phosphoric acid 
content in samples containing 5, 10 and 15 pg of uranium. 

It involves preliminary extraction of the uranium 
contained in the test-acid, with a kerosene solution of 
NPPA, followed by addition of standard amounts of 
uranium to portions of the “cleaned up” acid, and 
determination by the entire procedure. The relative 
standard deviation found for 15 independent mea- 
surements of 0.01% U was 2.8%. The limit for 
detection for uranium is 10 pg/g in wet phosphoric 
acid. Fifty samples of wet phosphoric acid containing 
from 0.0004 to 0.0098% U were analysed by the 
method described and by X-ray fluorescence. The 
results obtained by the X-ray fluorescence method 
were lower by an average of about 5%. 

The method can also be used for determination of 
uranium in the waste phosphogypsum and for mon- 
itoring the distribution of uranium in the decom- 
position of phosphate raw materials with sulphuric 
acid. 
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Summary-Discrete injection (DI) of PI-volume liquid samples into a continuous flow of air as carrier 
is demonstrated. Atomic-absorption (AA) detection is used. Calibration graphs for zinc, obtained by using 
the DI-AA-air carrier method have a slope 1.8 times that of graphs obtained by the flow-injection analysis 
(FIA)-AA-air carrier method. The D&AA-air carrier signals are higher and sharper than the 
FIA-AA-water carrier signals, and even exceed the AA steady-state signals for the same zinc solutions, 
owing to improved nebulization/atomization. The air-carrier method is more rapid than the liquid-carrier 
method. Measurement rates of 6OO/hr are possible. The signals show precision comparable to that 
attainable with water as carrier. The method is particularly useful for flame or plasma detectors and is 
potentially useful with different gases or vapours as carriers, and for gas-liquid reactions in FIA. 

Flow-injection analysis (FIA) is a technique in which 
the sample is introduced, in the form of a liquid plug, 
into a flowing liquid stream.’ This liquid stream either 
serves merely to carry the sample to the detector, or 
includes a reagent or a mixture of reagents to produce 
a detectable product from the sample and transport 
it to the detector.2 The FIA signal depends on the 
reaction time and the dispersion of the sample. The 
longer the reaction time, the more the amount of 
product, but increased reaction time also increases 
the dispersion and dilution of the sample.‘*3 Con- 
sequently, the optimum conditions for flow-rate and 
length of the mixing (dispersion) coil, will be a 
compromise between longer reaction time and lower 
dispersion. It would sometimes be of great advantage 
to the analyst to be able to limit the dispersion and 
also increase the reaction time. The use of gaseous 
reagents and carriers would enable the analyst to 
achieve this goal because a liquid sample transported 
by a gaseous carrier has very limited dispersion. 
Gardner and Malczyk 4 recently described discrete 
injection of liquid samples in an AutoAnalyzer flow 
system with calorimetric detection, to allow the use 
of smaller samples. We describe here the discrete 
injection (DI) of liquid samples into a continuous 
flow of air as carrier stream for atomic-absorption 
(AA) detection and compare the results with those 
obtained by using water as carrier stream. 

EXPERIMENTAL 

Reagents 
Zinc stock solution (Fisher certified atomic-absorption 

standard, 1OOOppm) was used to prepare 1, 2, 4, 5 and 
10 ppm zinc standards. Demineralized water was used 
throughout for solution preparation and as liquid carrier. 

Apparatus 

A Perkin-Elmer model 403 atomic-absorption spec- 
trophotometer with a strip-chart recorder was used for the 
AA measurements. A Rheodyne loop injection-valve was 
used for sample introduction. Teflon tubing of 0.5 mm bore 
was used in the DI-AA flow system and for sampling loops, 
and for connecting the sample injector to the capillary of the 
AA spectrophotometer. No pump was used in the AA 
system; the negative pressure of the nebulizer provided the 
necessary flow. Plastic syringes (1 and 3 ml) were used for 
filling sampling loops. The operating conditions for DI-AA 
are listed in Table 1. 

Generation of the signals 

The FIA signals obtained with the liquid-carrier system 
were generated by pumping distilled demineralized water 
into the detector system, and injecting the sample solution 
into the carrier stream by means of the injection port. Zinc 
standards were injected for FIA-AA. 

Table 1. Experimental conditions for the FIA- and DI-AA 
system 

Atomic-absorption settings: 
Wavelength 213.8 nm 
Lamp current 15mA 
Slit-width 0.1 mm 
Flame Air-acetylene 
Gas flow Air 8 l./min 

Acetylene l./min 
Burner Premix nebulizer-burner 
Observation height 8 mm above burner 
Recorder output 1OmV 

Injection system: 
Liquid carrier Water 
Gaseous carrier Air 
Flow-rate of liquid carrier 2.5 ml/min 
Length of dispersion coil 15cm 
Bore of dispersion coil 0.5 mm 
Bore of pumping tube 0.5 mm 
Volume of sample loop lOO.lll 
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Fig. I. Calibration graphs for the determination of zinc by 
FIA-AA-liquid carrier (A) and DI-AA-gas carrier (B). 

DI signals obtained with the gaseous carrier system were 
generated in the same way, but with air pumped through the 
carrier system at the same rate as for the liquid carrier. 

RESULTS AND DISCUSSlON 

Figure 1 depicts the calibration plot for the deter- 
mination of zinc by FIA-AA with liquid carrier (A) 
and by DI-AA with gaseous carrier (B), for lOO+l 
injections. The slope of B is 1.8 times that of A. The 
precision was similar for both methods, 2.1% relative 
standard deviation for the measurements with liquid 
carrier and 2.7% for those with gaseous carrier. 
Figure 2 shows the DI-AA signals with air as carrier 

for the repeated injection of the five zinc standards 
used in constructing the calibration curves. Care must 
be taken to remove traces of the previous sample 
from the injector tubing connecting the injection port 
to the sample loop, or carry-over will cause a slight 
error in the signal for the next sample if the two 
samples differ appreciably in concentration (e.g., see 
the first peak in each batch in Fig. 2). This precaution 
is common when liquid carriers are used. 

Figure 3 shows the FIA-AA signal with liquid 
carrier (B), the DI-AA signal with gaseous carrier (C) 
and the steady-state AA signal (A), all for a S-ppm 
zinc solution. The signal with air as the carrier stream 
is significantly higher than that with water as carrier 
and somewhat higher than the steady-state signal. 
Also, the DI-air carrier peaks are sharper than the 
FIA-liquid carrier peaks, the widths at half height 
being 3 and 6 set respectively. The reason for the 
D&air carrier peaks being higher and narrower is 
believed to be enhanced vaporization/atomization of 
the sample, combined with diminished dispersion. 

Effect of sample volume 

Figure 4 shows the dependence of the AA signal 
(with air as carrier stream) on the sample volume. 
The signal increases rapidly with sample volume up 
to 100 ~1, then starts to level off. This means that if 
the amount of sample is limited, the sample volume 
can be reduced from 200 to 100 ~1 without significant 
sacrifice in sensitivity. When water was used as 

Fig. 2. DI-AA-air carrier peaks for five zinc standards, 1 ppm (A), 2 ppm (B), 4 ppm (C), 5 ppm (D) and 
1Oppm (E and F). 
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Fig. 3. Atomic-absorption signals for a 5-ppm zinc solution. 
(A) Steady state signal, (B) FIA-AA-liquid carrier signals, 

and (C) DI-AA-air carrier signals. 
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Fig. 4. The dependence of DI-AA-air carrier signals on 
volume of sample injected. 

the 

carrier, the signal was still increasing with sample 
volume even at volumes > 200 ~1. 

Effect of the length of the dispersion coil 

Figure 5 depicts the dependence of the AA peak 
height, with air as carrier, on the length of the 

4201 I I I I 
I5 25 35 45 55 

LENGTH OF DISPERSION COIL (cm1 

Fig. 5. The dependence of the D&AA-air carrier signals on 
the length of the dispersion coil. 

dispersion coil. The decrease in signal is significant 
but relatively small. The total decrease was about 
2074, compared with a decrease of about 70% with 
water carrier, for the range of lengths shown. This 
will be of great benefit when the carrier gas also acts 
as a chemical reagent in gas-liquid reactions in FIA. 

Analysis time 

The D&AA-air carrier peak emerges within 3 set 
after the injection (compared to 4 set with water as 
carrier). The average peak width at the base-line is 
about 6 sec. In principle, this permits up to 600 
measurements per hour, and readily gives 350 per 
hour. 

The DI-AA-gas carrier method is more sensitive 
and rapid than the liquid carrier method. It has good 
reproducibility and many potential applications. It is 
particularly well suited for flame or plasma detectors. 
The gas carrier technique has potential for applica- 
tion with different gases or vapours as carriers and 
for utilization of gas-liquid reactions in 
flow-injection analysis. 
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Summary-Cacotheline has been employed successfully as a new qualitative and quantitative reagent for 
phenylhydrazine. The spot-test is performed at pH 4.5-5.5 with a limit of detection of 0.5 pg/ml in the 
sample solution. The method can be extended to the calorimetric estimation and photometric titration 
of phenylhydrazine with cacotheline. Beer’s law is obeyed over the range 0.1-2 mg. 

Among the few reagents proposed for the 
detection of phenylhydrazine may be mentioned 2,6- 
dichloro-p-benzoquinone-4-chloramine,’ pyridine-Z 
aldehyde,2 Devarda’s alloy and Raney alloy,3 and 
silver nitrate in presence of sodium hydroxide.4 Some 
of these methods are indirect, or involve the use of 
rare chemicals and heating. A direct and simple 
method is now proposed for the detection of phenyl- 
hydrazine with cacotheline, a nitro-derivative of 
brucine, as reagent. Few methods have been pro- 
posed for the spectrophotometric estimation of 
phenylhydrazine,%’ so the new spot-test is extended 
to the calorimetric estimation and photometric 
titration of phenylhydrazine. 

EXPERIMENTAL 

Reagents 

Cacotheline solution is prepared and standardized as 
described earlier.* Phenylhydrazine solution is prepared and 
standardized’ with potassium iodate (carbon tetrachloride 
end-point detection). 

Procedures 

Detection of phenylhydrazine. Mix 1 ml of 0.2M sodium 
acetate and 1 ml of 0.2M acetic acid in a test-tube, and add 
1 ml of cacotheline solution and 1 ml of test solution. An 
immediate pink colour, stable for more than 30 min, 
indicates the oresence of ohenvlhvdrazine. The limit of 
detection is 0.5 pg in the l-ml of sample. 

Alternatively pIace 0.05 ml of 0.2M sodium acetate and 
0.05 ml of 0.2% acetic acid in a cavity on a spot-plate, add 
0.05 ml of cacotheline solution and 0.05 ml of test solution 
and mix with a glass rod. An immediate pink colour, stable 
for more than 30 min, indicates the presence of phenyl- 
hydrazine. The limit of detection is 0.25 ng in the 0.05 ml 
of test solution. 

Calorimetric estimation. In a 50-ml standard flask place 10 
ml of 0.2M sodium acetate and 10 ml of 0.2M acetic acid, 
and add 5 ml of cacotheline solution. Add a suitable known 
volume of test solution or phenylhydrazine standard solu- 
tion and dilute to the mark with water. Measure the 
intensity of the pink colour with a photoelectric calorimeter 
fitted with a green filter, or measure the absorbance at 
530 nm. Prepare a calibration graph. 

Photometric titration. Mix 2 ml of 0.2M sodium acetate 
and 2 ml of 0.2M acetic acid in a suitable titration cell, and 
add 2 ml of test solution containing 0.5-2 mg of phenyl- 
hydrazine. Pass carbon dioxide through the mixture for 

about 10 min, then titrate with cacotheline solution, added 
in portions of 0.1-0.2 ml. Stop the passage of carbon dioxide 
before measurement. Apply a volume correction when 
plotting the titration curves. 

RESULTS AND DISCUSSION 

Preliminary tests showed the optimal acidity to be 
in the range pH 4.5-5.5. The absorption spectrum of 
the product obtained by reduction of cacotheline with 
phenylhydrazine under these conditions has a max- 
imum at 530 nm. The stoichiometry of the reaction 
is 1: 1, each component undergoing a 2-electron reac- 
tion and the course of the reaction is the same 
whether the cacotheline or phenylhydrazine is added 
first. The apparent molar absorptivity of the reduced 
cacotheline is 3.3 x lo3 l.mole-‘.cm-‘. Beer’s law is 
obeyed over the range 0.1-2 mg of phenylhydrazine. 

Hydrazine, hydroxylamine, 2,4_dinitrophenyl- 
hydrazine, phenylhydrazine-4-sulphonic acid hemi- 
hydrate, o-phenylhydroxylamine hydrochloride, 
semicarbazide hydrochloride, isonicotinic acid 
hydrazide, chloralhydrazine, benzoylhydrazine, sali- 
cyloylhydrazine and nicotonylhydrazine, have no 
effect on the determination of phenylhydrazine. Var- 
ious species such as Sb(V), Sb(III), V(V), V(IV), 
Mo(VI), W(VI), chloride, bromide, acetate and 
citrate do not interfere, but U(IV), Sn(II), Ti(II1) and 
MO(V) interfere when present at any concentration. 

The relative error was found to be 1% or less for 
the calorimetric determinations, and 0.5% or less for 
the photometric titration. 
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Summary-A simple and rapid procedure is proposed for the determination of chloride and free fluoride 
in tin electroplating fluid. Suppressor-column ion-chromatography is used after oxidation of 
hexafluorostannate(I1) to hexafluorostannate(IV) with hydrogen peroxide. Concurrent determination of 
tin(I1) and total tin then allows calculation of the concentrations of fluoride, hexafluorostannate(I1) and 

In common with many large tin-plate plants, the 
electrotinning line at Australian Iron and Steel (Port 
Kembla) uses a fluoride electrolyte consisting pre- 
dominantly of sodium chloride and sodium 
hexafluorostannate(I1). In addition, small amounts 
of ferrocyanide (to scavenge heavy metals) and other 
compounds such as organic brightening agents are 
present. Typical concentrations are given in Table 1. 

During use, the electrolyte concentrations of tin(I1) 
and free fluoride are depleted progressively by the 
oxidation of tin(U) to tin(IV), which is converted 
into the electrochemically inactive hexatluorostan- 
nate(IV). Periodic additions of tin(I1) and fluoride are 
therefore required to maintain the specified concen- 
tration ranges for these ions. In particular, a free 
fluoride/tin(U) ratio of at least 6: 1 is required. This 
necessitates regular monitoring of the electrolyte for 
tin(II), tin(IV), fluoride and chloride. At present, 
both chloride and fluoride are determined by titri- 
metric analysis. ‘,* This paper describes a simple ion- 
chromatographic procedure which is faster and more 
precise than the titrimetric methods and which could 
be adapted to automated process control. 

EXPERIMENTAL 

Apparatus 

The ion-chromatography system consisted of a solvent- - . 
delivery pump (6OOOA, Waters, U.S.A.), a pneumatic high- 
oressure iniection valve (7000, Rheodyne, U.S.A.) fitted 
I 

with a lo-n1 loop, an anion separator column and cation- 
exchange suppressor column (Dionex, U.S.A), a conduc- 
tivity meter (P/N9505, Phillips, U.S.) and a chart recorder 
(EB5247-15, Houston Instruments, U.S.A.). A flow-rate of 
3.0 ml/min was employed, with the detector at 10 pS/cm 
full-scale deflection, recorder at 0.1 V full-scale deflection 
and a chart-speed of 0.25 cm/mitt. 

Procedure 

Filter a sample of electrolyte (Whatman 541) and pipette 
5.00 ml of the filtrate into a 500-ml standard flask contain- 
ing 10 ml of aqueous hydrogen peroxide (30% w/v). Dilute 
to volume, inject 10~1 into the Dionex anion separator 

column and elute with sodium carbonate (3.OmM)/sodium 
bicarbonate (2.4mM) solution. Convert peak areas into 
concentrations by use of calibration graphs obtained by 
injecting a solution of sodium chloride and sodium fluoride. 
Determine tin(H) and total tin by titrimetry.3 

DISCUSSION 

Fluoride is present in the electrolyte in three forms: 
free fluoride, hexafluorostannate(I1) and hexafluoro- 
stannate( Hexafluorostannate(I1) is labile and 
hexafluorostannate(IV) is inert. Ion-chromatography 
will thus detect the free fluoride and also the fluoride 
dissociated from the tin(I1) complex. Dissociation of 
the Snc- ion is forced to completion by the binding 
of the released tin(I1) by the resin of the suppressor 
column, which must consequently be regenerated 
more frequently. With a single-column (electronic 
suppression) system, the tin(I1) interferes more, since 
heavy-metal ions poison the column. Accordingly, 
attempts were made to prevent this interference, 
including precipitation of tin with sulphide, or so- 
dium hydroxide or ammonia; use of a cation- 
exchange resin or a chelating ion-exchange resin; and 
complexation with EDTA. All these methods were 
successful, but either were too lengthy to be practical 
or caused subsequent interferences. 

Therefore, the hexafluorostannate(I1) was oxidized 
to kinetically inert hexafluorostannate(IV). The free 
fluoride ([F-l) was then readily detected (along with 
chloride). The dual-column system gave a constant 
baseline between chromatographic peaks and a faster 

Table 1. Composition of electrolyte 
(pH 4.0) 

Species Concentration, g/l. 

Sn(I1) 12.0 
Sn(Iv) 5.5 
F- 28.0 
Cl- 38.0 
Fe(CN)i- 1.0 
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Table 2. Comparison of ion-chromatography and titrimetric analysis 
for Cl- and F- 

F-,* g/l. 
Sn(JJ), Sn(JV), 

Sample Cl-,* g/l. a b gll. gll. 

1 42.7 (42.5) 13.5 26.0 (25.7) 9.0 4.0 
2 42.2 (41.5) 13.3 25.8 (25.7) 8.5 4.5 
3 38.3 (39.0) 15.7 32.5 (33.7) 11.0 6.5 
4 38.7 (39.5) 14.3 30.6 (31.3) 11.0 6.0 
5 43.0 (42.5) 14.2 27.6 (28.1) 9.5 4.5 
6 38.0 (37.0) 17.6 32.5 (31.8) 11.0 4.5 

*Titrimetric values given in parentheses. 
a = free fluoride after oxidation of tin; b = total fluoride. 

separation than the single-column system, and 
was used in all subsequent work. The concurrent 
titrimetric determination of tin(I1) and total tin3 
allowed the total fluoride concentration to be 
calculated from 

[F - Itotal = F - 1 + 0.960 [Snl total 
where all concentrations are expressed in units of g/l. 

Hexafluorostannate(I1) was calculated from: 

[SnFZ-] = ([F-l,,,,, - [F-l) x 2.04 x & 

Table 2 compares mean (n = 3) values for fluoride 
and chloride concentrations determined by titrimetry 
with those determined by hydrogen peroxide 
oxidation/ion-chromatography (a) before and (b) 
after oxidation of tin(I1). Actual electrolyte samples 
were used in each case, over the concentration ranges 
(g/l.) 8.5-11.0 [tin(H)], 4.5-6.5 [tin(IV)], 25.8-32.5 
[F-l and 38.0-43.0 [Cl-]. 

The ion-chromatographic analysis gave complete 
resolution of the chromatographic peaks and linear 
calibration graphs for chloride and fluoride over the 
concentration ranges O-350 and O-250 mg/l. re- 
spectively. The precision was determined by replicate 
analysis of a solution containing 283 mg/l. of chloride 
and 189 mg/l. of fluoride; relative standard deviations 
were 0.5% (n = 10) and 0.8% (n = 10) respectively. 
Because of the poor precision of the titrimetric 
analysis for fluoride (f2.g/1. for [F-l N 28 g/l.), the 

accuracy of the ion-chromatographic procedure was 
checked by using a synthetic electrolyte prepared 
by dissolving NaCl, NaF and SnCl,.2H;O in water 
and oxidizing the tin with hydrogen peroxide. The 
mean chloride concentration found was 412 mg/l. 
(470 mg/l. taken) and fluoride concentration 239 
mg/l. (237 mg/l.). 

CONCLUSION 

The ion-chromatography procedure provides 
simultaneous measurement of fluoride and chloride 
with a precision that for chloride is comparable with 
titrimetry, and for fluoride is much better. Sample 
pretreatment is minimal and the analysis time 
( < 5 min) is much shorter than that for the titrimetric 
method ( > 30 min). Because of its minimal require- 
ments for sample handling and addition of reagents, 
it should be readily adaptable for automated on-line 
analysis and process control. 
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Summary-A method is proposed for selective complexometric determination of tin, mercaptans being 
used as releasing agents. To a solution containing tin and other cations, excess of EDTA is added and 
the surplus is back-titrated at pH 5-6 with lead nitrate (Xylenol Orange as indicator). Thioglycollic acid 
or mercaptopropionic acid is then added to decompose the tin-EDTA complex and the liberated EDTA 
is titrated with lead nitrate. The interference of various cations has been studied and the method has been 
employed for the estimation of tin in a variety of alloys. 

Gravimetric methods for tin are normally subject 
to errors caused by adsorption, co-precipitation or 
occlusion of other elements present and require more 
or less elaborate separations or purification of the 
final oxide.’ The titrimetric determinations based on 
oxidation to the quadrivalent state by means of a 
standard solution of iodate or other suitable oxidant 
are definitely superior, but complete reduction of tin 
to the bivalent state and subsequent prevention of 
aerial oxidation to tin(IV) are mandatory,‘s2 and 
demand special care and apparatus 

EDTA” forms strong complexes with both tin(I1) 
and tin(IV) and thus complexometric methods for tin 
are expected to be free from problems of oxidation or 
reduction. EDTA methods, in general, are also more 
convenient and rapid. Surprisingly, the number of 
complexometric methods for tin is comparatively 
sma115,6 and those capable of determining tin in the 
presence of other cations with the help of selective 
masking agents, are still fewer in number. Oxalate,7,8 
fluoride,‘” and lactic acidlo appear to be the only 
reagents used for selective decomposition of the 
tin-EDTA complex. 

Tartaric acid” has been used for masking tin 
during the EDTA titration of other cations. We 
recently reported the use of tartaric acid and citric 
acid as selective releasing agents for tin.12 During 
earlier worki in which thioglycollic acid and mer- 
captopropionic acid were used for the decomposition 
of the copper(EDTA complex, serious inter- 
ference was caused by tin. A detailed investigation 
was therefore undertaken to examine the usefulness 
or otherwise of these mercaptans for the quantitative 
release of EDTA from its tin complex. The results are 
presented in this paper. 

EXPERIMENTAL 

Reagents 

Tin(D) chloride solution. Prepared by dissolving 1.92 g of 
stannous chloride in 20 ml of concentrated hydrochloric 
acid and making up to 1 litre, and standardized. 

Tin(W) chloride solution. Prepared by dissolving 1.00 g 
of pure tin metal in 150 ml of hydrochloric acid (1 + 1) 
and diluting to 1 litre with 1M hydrochloric acid, and 
standardized. 

EDTA solution, 0.01 M. 
Lead nitrate solution, 0.01 M. 
Xylenol Orange indicator. A 0.1% aqueous solution. 
Thioglycollic acid and mercaptopropionic acid, 20% solu- 

tions in water. 
Glycerol, 50% aqueous solution. 
Hexamine buffer. A 30% aqueous solution. 
Solutions of various metal ions (concentration 1 mg/ml) 

were prepared from suitable salts. All chemicals were of 
analytical-reagent grade. 

Estimation of tin in presence of other cations 

To a solution containing 5-50 mg of tin(B) or tin(W) and 
various amounts of foreign ions, add excess of O.OlM 
EDTA and dilute to 70-80 ml with distilled water lwhen 
tin(IV) is present add 10 ml of 20% glycerol solution]. 
Adjust to pH 5-6 with hexamine solution. Add a few drops 
of Xylenol Orange indicator and back-titrate the excess of 
EDTA with O.OlM lead nitrate to the sharp colour change 
from yellow to red. Add 5-25 ml of 20% solution of 
thioglycollic acid or mercaptapropionic acid. Heat the solu- 
tion to boiling and boil for 4-5 min, cool and titrate the 
liberated EDTA with O.OlM lead nitrate. 

Determination of tin in alloys 

Dissolve 0.2-0.5 g of sample in IO-20 ml concentrated 
hydrochloric acid and 2-4 ml of concentrated nitric acid and 
dilute to 100 ml in a standard flask. Take a suitable aliquot 
containing 5-50 mg of tin in a 250-ml conical flask, and 
determine tin as described above. 

RESULTS AND DISCUSSION 

Both tin(I1) and tin(IV) are known to form strong 
complexes with EDTA, but tin(W) is reported to 
hydrolyse in alkaline or even neutral medium in 
presence of EDTA. 36 This fact has been used for the 
separation of tin from other metal ions.‘k’6 In the 
EDTA methods for tin(IV), the metal is mostly 
estimateds~‘7~‘8 at lower pH such as 2, and in those few 
cases where back-titration is done at pH 5-6, a 
caution is invariably given that the pH should be 
adjusted to 2 and then slowly and homogeneously be 
brought to 5 by small additions of the buffer.4*‘0+i9 To 
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overcome this limitation Ottendorfer” suggested the 
addition of potassium chloride, which causes an 
initial shift in pH and also prevents dissociation of 
the tin(IVEEDTA complex. We have found that 
glycerol is more effective than potassium chloride, 
since it is capable of keeping tin(IV) in solution even 
up to pH 10, whereas with potassium chloride a slight 
turbidity appears at about pH 6. Addition of 5 ml of 
50% glycerol solution was found to be adequate for 
10 mg of tin. Glycerol has also been used for masking 
iron(II1) and chromium(II1) in EDTA titration of 
some bivalent cations2’ and tin(IV)** respectively. 

Various dissolution procedures have been sug- 
gested for the alloys of tin’,2,23 and the choice mainly 
depends on the oxidation state of tin required by 
method of analysis. Earlier chelatometric methods 
also appear to have such requirements, some being for 
tin(II)2”26 and others for tin(IV).‘“” In the most 
common dissolution procedures, employing mineral 
acids, nitric acid and atmospheric oxygen tend to 
oxidize the tin,’ whereas the associated metals such as 
zinc, lead, etc. in the alloys exert a reducing effect on 
it.‘,*’ It is therefore most likely that the solution thus 
obtained will contain a mixture of tin(I1) and tin(IV). 
The mercaptans used in the present investigation are 
equally effective for bivalent and quadrivalent tin and 
hence the present method is superior to the earlier 
ones using oxalate,7.8 fluoride8s9 and lactic acid” as 
releasing agents, which are reported to be useful only 
for tin(IV). It was observed during the preliminary 
experiments that 5 ml of 20% thioglycollic or mer- 
captopropionic acid will release the EDTA combined 
with 10 mg of tin, on heating at 100” for 45 min. A 
larger volume has no adverse effect, but a smaller 
amount will require the boiling period to be longer. 

A number of cations have been examined for their 
possible interference in the present titration and it has 
been found that large amounts of lead, zinc, nickel, 
cobalt(II), cadmium, iron(III), aluminium, indium, 
arsenic(V), antimony(V), vanadium(IV), zirconium 
and rare-earths do not interfere. However, when 
aluminium is present, to ensure its complete complex- 
ation with EDTA it is necessary to boil the solution 
for 2-3 min after addition of the excess of EDTA and 
adjustment to pH 3. Copper(EDTA is also quan- 
titatively decomposed by the mercaptans usedI and 
hence copper will interfere, but this can easily be 
obviated by masking the copper with thiourea,28 so 
larger samples can be used for alloys containing 
smaller percentages of tin. Manganese(H), owing to 
the low stability of its EDTA complex under the 
experimental conditions, caused difficulty in the end- 
point detection, particularly when more than 5 mg of 
it was present. Bismuth(II1) interfered seriously. An 
interesting feature of the present method is that it 
remains unaffected by large amounts of titanium(IV), 
which seriously interferes with all the masking or 
releasing agents used earlier.‘-” The method can thus 
be used for the estimation of tin in titanium alloys. 
The results for tin in alloys are presented in Table 2. 

Table 1. Determination of tin in nresence of foreign ions 

Sn2+, mg Sn4+, mg 

Found Found 

Foreign ion, with with with with 
mg Taken TGA MPA Taken TGA MPA 

cu=+ 

Ni2+ 

Pb=+ 

Zn2+ 

co2+ 

caZ+ 

Mn*+ 

FeJ+ 

Al’+ 

In’+ 

Sm’+ 

La’+ 

Ce’+ 

As’+ 

Sb’+ 

V4+ 

Zr4+ 

Ti4+ 

80.60* 4.80 4.81 4.81 4.01 4.01 4.04 
5.06* 36.00 36.00 35.90 35.00 34.96 34.90 

60.20 7.20 7.21 7.18 6.00 5.99 5.97 
12.40 38.40 38.34 38.46 35.00 35.08 35.02 
56.75 13.20 13.24 13.29 10.00 9.97 10.03 

5.68 42.00 41.90 42.08 40.00 39.88 39.88 
26.00 18.04 18.04 17.92 15.00 15.05 14.96 

6.00 24.00 23.98 24.04 22.00 21.96 22.08 
28.80 7.20 7.18 7.15 6.00 5.97 6.05 

5.80 36.00 36.03 36.14 30.00 30.09 29.97 
60.40 13.20 13.18 13.24 18.00 17.93 17.98 

6.08 21.60 21.60 21.54 10.00 10.00 10.03 
4.90 18.00 17.92 18.10 15.00 15.13 15.08 
2.65 7.20 7.15 7.21 6.00 5.94 6.05 

25.00 4.80 4.78 4.81 4.00 4.01 4.01 
5.00 24.00 23.92 24.10 22.00 21.96 22.02 

20.50t 15.00 15.02 14.96 18.00 18.10 17.98 
4.107 36.00 35.97 36.09 35.00 34.96 35.08 

50.50 13.20 13.24 13.24 15.00 15.05 15.02 
6.10 38.40 38.28 38.46 40.00 39.88 40.06 

35.00 4.80 4.78 4.84 10.00 10.03 9.97 
7.00 21.60 21.72 21.66 30.00 29.91 29.97 

28.00 24.00 23.92 24.04 22.00 22.14 21.96 
7.50 42.00 42.08 41.96 40.00 40.12 39.94 

32.10 15.00 15.08 14.96 12.00 12.05 11.93 
6.40 26.40 26.53 26.41 35.00 34.96 34.96 

15.60 18.00 17.98 17.98 18.00 17.93 17.98 
4.68 38.40 38.56 38.40 22.00 22.02 21.96 

20.40 21.60 21.66 21.49 12.00 11.93 11.93 
10.20 15.00 15.02 14.96 35.00 35.02 35.14 
15.80 13.20 13.29 13.29 15.00 15.02 15.08 
7.90 36.00 35.90 36.09 35.00 34.90 35.08 

25.60 4.80 4.78 4.78 4.00 4.04 3.98 
5.30 26.40 26.59 26.47 30.00 29.91 30.09 

80.60 4.80 4.78 4.84 6.00 5.97 6.05 
20.20 42.00 41.90 42.14 40.00 40.12 39.88 

*Copper masked with thiourea. 
tExcess of EDTA added. nH adiusted to 3. solution 

L _ boiled for 3 min. 
TGA = thioglycollic acid. 
MPA = mercaptopropionic acid. 

Table 2. Determination of tin in alloys 

Alloy 

Tin, % 
Relative error 

Present Found “/, 

Leaded bronze 
BCS No. 364 

Leaded gun-metal 
BCS No. 183/4 

Ounce metal 9 
NBS No. 124D 

Lead-base white metal 
BCS No. 17712 

Tin-base white metal 
BCS No. 178/2 

Tin-base white metal 
NBS No. 54D 

Solder 
NBS No. 127b 

Titanium-base alloy 
NBS No. 176 

9.35 

7.27 

4.56 

5.07 

82.20 

88.57 

39.30 

2.47 

9.302 
9.42t 
7.24* 
7.30t 
4.60* 
4.54t 
5.lOi 
5.04t 

82.0* 
82.4t 
88.3; 
88.7t 
39.4* 
39.1t 
2.46* 
2.50t 

-0.5 
+0.8 
-0.4 
+0.4 
+0.9 
-0.4 
+0.6 
-0.6 
-0.2 
+0.3 
-0.3 
+0.2 
+0.3 
-0.5 
-0.4 
+1.2 

*With thioglycollic acid. 
tWith mercaptopropionic acid. 
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It is seen that the maximum relative error, I .2oj,, is for 9. 

an alloy containing only 2.5% tin. For alloys with 
higher percentages of tin, the relative errors were lo. 
much smaller. A suite of three alloy samples can 11. 
conveniently be analysed in 1 hr. It can thus be 
concluded that the method is simple, selective, accu- 12. 
rate and fairly rapid. 

13. 
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Summary-A combined ion-exchange spectrophotometric method has been developed for the deter- 
mination of molybdenum in sea-water. Molybdenum is sorbed strongly on Amberlite CG 400 (Cl-) at 
pH 3 from sea-water containing ascorbic acid and is easily eluted with 6M nitric acid. Molybdenum in 
the effluent can be determined spectrophotometrically with potassium thiocyanate and stannous chloride. 
The combined method allows selective and sensitive determination of traces of molybdenum in sea-water. 
The precision of the method is 2% at a molybdenum level of N lOkg/l. 

Because of the low abundance of molybdenum in 
natural waters, preliminary isolation methods have 
usually been employed in its determination. Co- 
precipitation’-3 and solvent extraction M separations 
are most often used for this purpose. The other 
preconcentration methods available for molybdenum 
include co-crystallization,’ sorption on chitosan and 
modified cellulose,s cation-exchange sorption on Zeo- 
Karb 225’ and Chelex 100,9.‘o concentration on 
Sephadex G-25” and (as the pyrrolidine dithio- 
carbamate complex) on charcoal.12 

Kuroda and Kawabuchi have concentrated molyb- 
denum by anion-exchange from sea-water containing 
acid and thiocyanate13 or hydrogen peroxide’3*‘4 and 
determined it spectrophotometrically. Korkisch et 
~1.” have concentrated molybdenum from natural 
waters on Dowex l-X8 in the presence of thiocyanate 
and ascorbic acid. A sodium citrate and ascorbic acid 
systemI has also been worked out for the concen- 
tration of molybdenum on Dowex l-X8 (citrate 
form) as a citrate complex from tap and mineral 
waters. 

In this work it has been found that molybdenum 
can be concentrated from sea-water simply on the 
strongly basic anion-exchange resin to which only 
ascorbic acid has been added. The anion-exchange 
concentration, coupled with the thiocyanate- 
stannous chloride method, allows sub-ppm levels of 
molybdenum to be determined successfully. 

EXPERIMENTAL 

Reagents 

A stock solution (10 mg/ml) of molybdenum (as sodium 
molybdate dihydrate) was prepared with demineralized 

water and standardized chelatometrically. One g of ferrous 
ammonium sulphate and 0.5 ml of concentrated sulphuric 
acid were dissolved in demineralized water and the mixture 
was diluted to 100 ml with water. 

The strongly basic anion-exchange resin Amberlite CG 
400 in the chloride form (100-200 mesh) was used. A slurry 
of 5 g of the resin in water was poured into a conventional 
ion-exchange tube (2.5 cm diameter) to make a bed 2.3 cm 
long. 

A Hitachi Model 101 spectrophotometer with I-cm glass 
cells was used. 

Determination of distribution coeficients 

The distribution coefficients of molybdenum(V1) were 
determined by the batch equilibrium method. Weighed 
portions of air-dried resin (l.Og each) were mixed with 
1 .OO ml of molybdenum solution [O. 110 mmole of Mo(VI)] 
and 4O.Oml of buffer solution containing ascorbic acid at 
various concentrations. The buffer solutions used were 
0.1 M potassium chloride-o. 1M hydrochloric acid for pH 2, 
and O.lM sodium acetate-O.lA4 acetic acid for pH 3-6. The 
mixtures were shaken for 20 hr and the distribution 
coefficients determined as described earlier.” 

Procedures 

Zon-exchange concentration. Filter the water sample 
through a membrane filter (0.45-pm, Millipore). Takd a 
500-ml portion of the filtrate. add 0.9 a of ascorbic acid and 
adjust ihe pH to 3.0 + 0.1. .Pass the-mixture through the 
ion-exchange column at a flow-rate of 5 ml/min. Wash the 
column with 250 ml of O.OlM ascorbic acid @H 3). Strip the 
molybdenum by elution with 70ml of 6M nitric acid. 

Spectrophotometric determination. Evaporate the effluent 
to dryness. Add 2 ml of concentrated nitric acid and again 
evaporate to dryness. Take up the residue with 2ml of 
hydrochloric acid and a small amount of water. Transfer the 
solution to a separatory funnel, add 1 ml of 1% ferrous 
ammonium sulphate solution and 3 ml of 10% potassium 
thiocyanate solution. Swirl, add 2 ml of lo”/. stannous 
chloride solution in 1M hydrochloric acid and immediately 
extract with 5.0 ml of di-isopropyl ether, shaking for 30 sec. 
Measure the absorbance df thd organic layer- at 460 nm 
against a reference blank. 
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Table 1. Distribution coefficients of molybdenum on Amberlite CG 400 (Cl- 
form) in ascorbic acid and 0.W sodium chloride 

Distribution coethcient 

DH 1.olu* 0.10lu* o.o1olu* 0.0010M* 
r 

Ascorbic acid alone 
2.1 3.4 x 10’ 
2.9 9.8 x IO3 
4.0 2.7 x lo3 
5.0 1.2 x 103 

Sodium chloride present 
2.2 8.4 x lo* 
3.2 1.4 x 103 
4.0 3.6 x lo* 
5.0 1.2 x 102 
5.9 44 

7.1 x 103 
>104 
>104 
>104 

2.4 x 10’ 
5.0 x 103 
4.2 x lo3 
1.2 x 103 

98 

1.7 x 10’ 
>104 
>104 
>104 

2.8 x 10’ 
6.6 x 103 
5.0 x 10’ 
1.1 x 10” 

30 

6.2 x 10’ 
>I04 
>lti 
>lti 

3.2 x lo3 
7.2 x 10’ 
4.4 x lo3 
4.9 x 102 

11 

‘Ascorbic acid concentration. 

RESULTS AND DISCUSSION 

The distribution coefficients of molybdenum on 
Ambexlite CG 400 in the chloride form are listed in 
Table 1 as a function of ascorbic acid concentration 
in the pH range 2-5. Molybdenum sorbs very 
strongly from dilute ascorbic acid solutions 
( < O.lM) over the pH range 3-5, the coefficient 
reaching > l@ under these conditions. The distribu- 
tion coefficients of molybdenum in the presence of 
0.5M sodium chloride are also shown in Table 1 for 
the pH range 2-6, as a function of ascorbic acid 
concentration. Generally the coefficients are lower in 
sodium chloride-ascorbic acid media than those in 

ascorbic acid alone, in the pH range 2-5. However, 
the coefficients in the mixed media are sticiently 
high to allow traces of molybdenum to be concen- 
trated from large volumes of brine. 

Korkisch and Krivarm? claim that the ready 
displacement of ascorbate ion by the anions con- 
tained in natural water is one of the disadvantages of 
ascorbic acid when employed alone for concentrating 
molybdenum and vanadium from water samples by 
anion-exchange. However, the distribution coefficient 
of molybdenum is sufhciently high to allow its strong 
retention on Amberlite CG 400 even when the resin 
is in the chloride form (Table 1). 

Table 2. Determination of molybdenum in saline water (0.5M NaCl) and 
sea-water 

Sample* 

Sample 
Volume, 

I. 
MO added, MO found, 

Pg Pg 

Original 
content 

Ygll. 

Saline water 1.0 
1.0 

Sea-water A 0.5 

1.0 
0.5 
0.5 

Sea-water B 0.5 

1.0 
0.5 
0.5 

Sea-water C 0.5 

1.0 
0.5 
0.5 

0 0.12,0.05 
8.48 8.42,8.25 

8.18,8.56 
8.42 

0 4.27,4.5 1 
4.39 

0 8.90 
4.24 8.73 
8.48 12.80 

0 4.85,4.70 
4.85 

0 9.48 
4.24 9.02 
8.48 13.20 

0 4.11,4.08 
4.29 

0 8.54 
4.24 8.44 
8.48 12.70 

av. 0.09 

av. 8.37 & 0.15t 

8.54,9.02 
8.78 
8.90 
8.98 
8.64 

av. 8.81 * 0.19 
9.70, 9.40 

9.70 
9.48 
9.56 
9.44 

av. 9.55 f 0.13 
8.22, 8.16 
8.58 
8.54 
8.40 
8.44 

av. 8.39 + 0.17 

*Sea-water A: collected at Kamoike Harbour, Kagoshima Bay, Japan, on 23 June 
1983, Salinity 38.48%. 

Sea-water B: collected on the shore at Kushikino, East China Sea, on 30 June 
1983, Salinity 34.03%. 

Sea-water C: collected at Yamagawa Harbour, Kagoshima Bay, Japan, on 6 July 
1983, Salinity 31.55%. 

tAverage recovery of total present after addition of MO. 
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Chakravorty and Khopkart8 attempted to separate denum (error within f 3.8%). These quantities are 
uranium(VI) from thorium, zirconium, titanium and more than 50 times those present in 1 litre of sea- 
other elements, including molybdenum, in ascorbate water. Even if they behave the same as molybdenum 
media (pH 4.5). In their procedure, uranium was in the anion-exchange concentration and elution 
eluted with 1M hydrochloric acid followed by molyb- steps, these metal ions do not interfere with the 
denum with dilute ammonia (1 + 7) containing 3% determination of molybdenum in a 1 litre sea-water 
ammonium persulphate. We attempted to remove the sample. 
molybdenum by elution with 4M perchloric acid, but The results of repeated determinations of molyb- 
recoveries were often about 25% lower than expected, denum in three sea-water samples are given in Table 
owing to volatilization of some molybdenum during 2. The accuracy of the method was tested by adding 
the strong fuming with perchloric acid.” A gentle, molybdenum and determining overall recoveries. The 
careful evaporation did not yield serious loss of recoveries and precision (r.s.d. 142.2%) of the 
molybdenum. However, we found that molybdenum method are satisfactory. 
can be easily stripped from the column by elution 
with 70 ml of 6M nitric acid in accordance with the REFERENCES 
anion-exchange sorption characteristics of molyb- 
denum in nitric acid media.*O 

1. K. M. Chan and J. P. Riley, Anal. Chim. Acta, 1966,36, 
-q,? 
LL”. 

The high distribution coefficients of molybdenum 2. N. Ohta, M. Fujita and K. Tomura, Bunseki Kagaku, 
in ascorbate media and its strong sorption in the 1919, 28, 211. 

presence of high concentrations of sodium chloride 3. V. G. Prabhu, L. R. Zarapkar and M. S. Das, Mi- 

indicate that molybdenum should be sorbed on the krochim. Acta, 1980 II, 61. 

resin from large volumes of natural water samples. 
4. L. R. P. Butler and P. M. Matthews, Anal. Chim. Acta, 

1966. 36. 319. 
To evaluate the feasibility of using the ascorbate 5. Y. K. Chau and K. Lum-Shue-Chart, ibid., 1969, 48, 
system as the concentration method, a brine simu- 205. 

lating sea-water (0.5M sodium chloride) spiked with 6. Y. Akama, T. Nakai and F. Kawamura, Nippon Kaisui 

a known amount of molybdenum was analysed by 
Gakkai-shi, 1919, 33, 180. 

the present procedure and the results are given in 
I. A. I. Kulathilake and A. Chatt, Anal. Chem., 1980, 52, 

828. 
Table 2. As can be seen. the recoveries for the 8 ua 8. R. A. A. Muzzarelli and R. Rocchetti, Anal. Chim. 

I 

of molybdenum added to 500 or 1000 ml samples are Acta, 1913, 64, 311. 
satisfactory. 9. J. P. Riley and D. Taylor, ibid., 1968, 41, 115. 

The sorption of au ascorbate complex and sub- 
10. W. H. Ficklin, Anal. Lett., 1982, 15, 865. 
11. K. Yoshimura. s. Hiraoka and T. Tarutani. Anal. Chim. 

sequent elution with 6M nitric acid is not specific for Acta, 1982, 142, 101. 
molybdenum. Some information is available on the 12. H. A. v.d. Sloot, G. D. Wals and H. A. Das, ibid., 1917, 

sorption of several other metals on anion-exchange 90, 193. 

resins in ascorbate media.‘*,*’ In this study those 
13. K. Kawabuchi and R. Kuroda, ibid., 1969, 46, 23. 

elements which interfere with the determination of 
14. R. Kuroda and T. Tarui, Z. Anal. Chem., 1914,269,22. 
15. J. Korkisch. L. God1 and H. Gross. Talenta. 1975. 22. , I, 

molybdenum by the thiocyanate-stannous chloride 669. 
method and are at least as abundant in sea-water as 16. J. Korkisch and H. Krivanec, Anal. Chim. Acta, 1976, 

molybdenum have been chosen and their inter- 83, 111. 

ferences examined. The results suggest that titanium 
17. T. Kiriyama and R. Kuroda, Talanta, 1983, 30, 261. 

(130 p g), vanadium(IV) (200 p g), vanadium(V) 
18. M. Chakravorty and S. M. Khopkar, Chromatographia, 

1911, 10, 312. 
(170 pg), iron(II1) (1000 pg), nickel (480 pg), cop- 19. E. B. Sandell, Calorimetric Determination of Traces qf 

per(H) (130 pg), zinc (300 pg), arsenic(II1) (290 pg), Metals, 3rd Ed., p. 12. Interscience, New York, 1959. 

tin(IV) (260 pg), lead (60 pg) and uranium(V1) 
20. J. P. Fans and R. F. Buchanan, Anal. Chem., 1964,36, 

1157. ___.. 
(440 p g), iu the amounts shown iu brackets, do not 21. M. Chakravorty and S. M. Khopkar, Chromatographia, 
interfere with the determination of 8 pg of molyb- 1911, 10, 100. 



Taianra, Vol. 31, No. 6, pp. 475478, 1984 0039-9140/84 $3.00 + 0.00 
Printed in Great Britain Pergamon Press Ltd 

ANALYTICAL DATA 
- 

DISSOCIATION CONSTANTS, NEUTRALIZATION 
ENTHALPIES AND REACTIONS OF 3-STYRYL-2- 
MERCAPTOPROPENOIC AND 34 1 -NAPHTHYL)-2- 

MERCAPTOPROPENOIC ACIDS 

A. IZQUIERDO, E. BOSCH and J. L. BELTRAN 
Department of Analytical Chemistry, University of Barcelona, Barcelona, Spain 

(Received 17 May 1983. Accepted 17 November 1983) 

Summary-Dissociation constants (PK,, and pI& in water-ethanol medium for 3-styryl-2- 
mercaptopropenoic and 3-(1-naphthyl)-2-mercaptopropenoic acid have been determined potentio- 
metrically, and pK,, for both in aqueous medium, spectrophotometrically. Neutralization enthalpies in 
water-ethanol medium have been determined by thermometric titration. The reactions with metal ions 
have been studied, and the main reactions are described. The most sensitive reactions are with titanium- 
(IV) (PD = 7.00) and nickel(H) (PD = 6.50). 

Studies of some 3-aryl-2-mercaptopropenoic acids 
have been reported in previous papers, in which the 
aryl groups (Ar) were phenyl,’ 2-furyl,2 2-pyrrolyl, 
2-thienyl and 2-hydroxyphenyl.’ 

These compounds react with many metal ions. The 
conjugated double bond between the carboxyl and 
aryl groups makes the complexes more stable than 
those formed from reagents without this double 
bond. In the present work 3-styryl-2-mercapto- 
propenoic acid (3S2MP) and 3-(1-naphthyl)-2- 
mercaptopropenoic acid (3N2MP) have been studied 
to find the effects of extending the unsaturated chain 
and enlarging the 3-aryl group. 

CH=CH---CH=C-COOH 

I 
SH 

3S2MP 

cH=.=c-~00~ 

3N2MP 

Potentiometric and thermometric titrations with 
alkali were used to determine the two acid groups 
(-SH and -COOH). The enthalpies of neutralization 
were determined by thermometric titration. 

Apparatus 
EXPERIMENTAL 

Crison Digilab 517 and Radiometer PHM 84 pH-meters 
were used with a Radiometer G 202 B glass electrode, 

Metrohm EA 120 combined glass electrode, an Ag/AgCl 
reference electrode,4 and a Wilhelm-type salt bridge.’ The 
spectrophotometer was a Beckman Acta M-VII and the 
thermometric titration assembly was that described in the 
previous work.6 

Solutions 

All solutions were deaerated with nitrogen before use, and 
all reagents were of analytical grade. The buffers for the 
spectrophotometry (O.OlM ionic strength) were prepared 
according to Perrin.’ The ionic medium (NaClO,) was 
prepared by a literature method.’ 

Carbonate-free sodium hydroxide solution was standard- 
ized against potassium hydrogen phthalate, and protected 
from atmospheric carbon dioxide. 

Perchloric acid, stock solutions, 0.05-0.lM were stan- 
dardized against sodium carbonate. The Gran method’ was 
used for both sets of standardizations. 

Ethanolic solutions of the mercapto acids (0.1-l%) were 
prepared with deaerated ethanol. 

Mercapto acids 

These were synthesized as described by Campaigne and 
Cline,” by condensation of cinnamaldehyde or 
I-naphthaldehyde with rhodanine, subsequent hydrolysis in 
alkaline medium, and acidification with mineral acid. Re- 
crystallization from benzene or toluene under nitrogen 
yielded products with m.p. 159” (3S2MP) and 178” 
(3N2MP). The purity was tested by thin-layer chro- 
matography, and determined by potentiometric and ther- 
mometric titrations with sodium hydroxide in aqueous 
ethanol (purity > 99.5%). 

For 3S2MP analysis gave C63.9%, H4.8%, S 15.4%; 
C,,H,,O,S requires C64.05%, H 4.89x, S 15.51%. For 
3N2MP analysis gave C64.7%, H4.3%, S 13.7%; 
C,,H,,O,S requires C 64.60”/ H 4.38x, S 13.90%. 

The solubilities (g per lOOm1 of solution at 25”) were 
determined by the Wittenberger technique,12 and were 
(3S2MP given first): water (0.05, 0.07); ethanol (1.20, 5.45); 
isoamyl alcohol (1.42, 1.90); acetone (3.70, 6.30); methyl 
isobutyl ketone (1.38, 3.91); chloroform (3.19, 2.98); diethyl 
ether (1.80, 3.97); toluene (1.16, 0.75); benzene (0.90, 0.95); 
hexane (0.01, 0.02). The ultraviolet-visible spectra were in 
accordance with the literature.‘” The infrared spectra (KBr 
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Table 1. pKa values in water-ethanol medium at 25 + 0.1” 

I = 0.2M I = l.OM 

pKa, pKa, pKa, pKa, 
3S2MP 4.34 f 0.02 8.91 f: 0.04 4.30 f 0.02 8.43 f 0.04 
3N2MP 4.18 f 0.01 9.80 f: 0.02 4.07 f 0.02 9.32 + 0.02 

discs) had characteristic bands (cn- ‘) at 1275 (C-G), 1410 
(G-H), 1660 (C = 0) and 2560 (S-H) for 3S2MP, and 
1255 (CG), 1330 (G-H), 1645 (C = 0) and 2600 (S-H) for 
3NZPP. 

Procedures 
Acidity constants. The dissociation equilibria were studied 

at 25 f 0.1” by titration’-’ in 50% v/v water-ethanol with 
sodium hydroxide, because the compounds are poorly solu- 
ble in water, at two ionic strengths (0.2 and l.OM) with 
sodium perchlorate as ionic medium. Before and during the 
titration pure nitrogenI was passed through the solution to 
remove dissolved oxygen. 

The pK, value was also determined spectro- 
photometrically’~ with 5 x lo-‘M mercapto acid in aque- 
ous medium containing 1% ethanol and at O.OlM ionic 
strength. Great care was taken to avoid oxidation, but some 
did occur. Therefore, absorbance measurements at the 
analytical wavelengths were made immediately after prepa- 
ration of the solutions. 

Thermometric titrations and heats of neutralization. The 
mercapto acids were titrated thermometrically with sodium 
hydroxide in water-ethanol medium at 0.2M ionic strength 
(sodium perchlorate), and the heats of neutralization were 
determined. The procedure has already been described.6 

The enthalpies of neutralization were determined from 
the heat capacity of the cell (Q), measured by means of a 
reaction of known enthalpy [neutralization of hydrochloric 
acid with sodium hydroxide (AH = - 13.35 kcal/mole at 
25”),16 which in 50% v/v water-ethanol has the same value?. 
The temperature increments were measured by the Bat-the1 
method.” The heat capacity of the cell was found by means 
of the equation for an adiabatic system. 

nAH+QAT=O 

where n moles of HCl are titrated, AH is the enthalpy 
change of the reaction @al/mole) and AT the temperature 
change. The value of Q was found to be 37.0 f 0.1 cal/deg 

under the conditions used. From this value the heats of 
neutralization of the mercapto acids can be determined from 
the temperature increase in their titration, 

Reactions with metal ions. These were investigated by the 
Benedetti-Pichler technique18 for the whole pH range, with 
a 1% ethanolic solution of the reagent and l-g/l. solutions 
of the metal ions. 

RESULTS AND DISCUSSION 

Dissociation equilibria 

The pK, values in water-ethanol medium were 
determined from the overall protonation constants /I, 
and fir, calculated by the linearization method of 
Irving and Rossotti. I9 The experimental data were 
treated by the least-squares program MINIPOT.*’ 

Table 1 shows the pK, values for the two acids, and 
Figs. 1 and 2 show the theoretical formation curves 
(2 us. logh) and the experimental points for the 
titrations done at l.OM ionic strength. 

The pK,, values were also determined spec- 
trophotometrically because the experimental condi- 
tions (aqueous medium with 1% ethanol, low concen- 
tration and ionic strength) are such that the 
experimental pK, values are close to the thermo- 
dynamic values and can be compared with those for 
other 3-aryl-2-mercaptopropenoic acids. Figures 3 
and 4 show the spectra of 3S2MP and 3N2MP 
solutions at various pH values. The wavelengths of 
the absorption maxima were used as analytical wave- 
lengths. Table 2 shows the results obtained. 

- log h 

Fig. 1, Formation curve for 3S2MP (solid line = theoretical 
curve). A, [3S2MP] = 1.752 x 10-‘&f; 0, [3S2MP] = 

1.997 x lo-‘M; 0, [3S2MP] = 2.899 x 10-3M. 

-log h 

Fig. 2. Formation curve for 3N2MP. 0, [3N2MP] = 
1.297 x lO-3M; A, [3N2MP] = 3.361 x lo-‘M; 0, 

[3N2MP] = 2.418 x lo-‘M. 
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PH- 6460 

PH - 7.662 

PH - 7659 

PH - 8.052 

pH - 6.256 

pH - 6.445 

PH - 6.646 

pH - 6.656 

PH = 11.969 

I 

300 400 

Wavelength ( nm 1 

Fig. 3. Spectra for the determination of pK,, of 3S2MP. For 
this compound, some oxidation has occurred during the 
recording of each spectrum and this accounts for the poor 

isoshestic points. 

Reactions with metal ions 

The reactions are similar to those of other 
3-aryl-2-mercaptopropenoic acids2g3 Precipitates 

Table 2. pKa, values in aqueous medium at 22 f 0.5 and 
I = O.OlM 

Analytical 
wavelengths, nm 
pKa2 

3S2MP 3N2MP 

372 355 
336 313 

7.96 fi 0.03 8.73 f 0.02 

were formed with many cations that form insoluble 
sulphides, and some colour reactions were obtained 
with transition metals. The complexes formed were 
readily extracted with polar organic solvents (isoamyl 
alcohol, MIBK, diethyl ether). 

Notable reactions are the red colour with Ti(IV) 
(pD = 7 by extraction, i.e., dilution limit is 
N 0.1 pg/ml) in acetic acid-acetate medium (this re- 
action does not occur with saturated aryl mercapto- 
acids). Another interesting reaction is that of Ni(I1) 
in alkaline medium (pD = 6.5) because the few inter- 
fering ions are easily removed. Table 3 lists the most 
sensitive reactions. The sensitivity of reactions is 
expressed in terms of pD [i.e., -log(dilution limit)]. 

Thermometric titrations 

The titration curves for both mercapto acids dis- 
play two equivalence points, corresponding to the 
successive neutralization of the carboxylic and thiol 
groups. From the shapes of the curves it is concluded 
that both mercapto acids can be determined by 
thermometric titration. The titration error was found 
to be less than 1%. 

Table 3. Most sensitive reactions 

Metal 
ion Medium 

3S2MP 

Without 
extraction 

With 
extraction Medium 

3N2MP 

Without 
extraction 

With 
extraction 

cd+ 

Pd2+ 

Mo6’ 

Fe’+ 

co2+ 

Ni2+ 

V’+ 
Ti4+ 
W6+ 

HOAc 
NaOH 

HC1,HOAc 
NaOAc 
NH, NaOH 
HCI 
HOAc, NaOAc 
NaOAc 
NH, 
NaOAc 
NH, 
NaOH 
NaOAc 
NH, 
NaOH 
NaOAc 
NaOAc 
HCI, HOAc 

~(5.8) 
Y (6.7hV 

r(6.3) 
r(6.4) 
r(6.0) 
r(6.4) 
r(6.3) 
gr(6.4) 
gr(6.3) 
Y-gr(6.3) 
y-gr(6.2) 
:;%F’) 

~(6.0) 
~(6.0) 

%;~“) 
Y(6.1) 

r(6.5)C 

r(7.1)C 

gr(6.5)A 

Y(6.7)A 

Y(6.5)A 
Y(6.4)A 
r(7. I)A,A + C 

HOAc 
NaOAc 
NaOH 
HCI,HOAc 
NaOAc 

y-gr(6.0) 
Y-gr(6.f’) 

r-y(6.3) 
r-y(6.0) 

HCl, HOAc y-or(6.3) 
NaOAc y-or(6.2) 
NaOAc gr-bl(6.7) 
NH, gr(6.6) 
NaOAc Y-gr(6.3) 
NH, y-gr(5.7) 
NaOH y-gr(6.3) 
NaOAc y-gr(6.7) 
NH, Y-gr(6.5) 
NaOH Y-gr(6.5) 

NaOAc r(6.6) 

y-gr6W,B 
Y-grW)A,B 

~-gr(6,3)A,B 
r-y(6.5)A,B 
r-y(6.5)A,B 

y-or(6.5)A,B 
y-or(6.2)A 
gr-bl(6.7)A 
gr(6.6)A 
y(6.8)A,B 
y(6.3)A,B 
y(6.9)A,B 
Y-gr(6.8)A 

Y(6.5)A 

r(6.9)A,(7.O)C 

-l-F+ HCI, HOAc ~(6.1) 

Solvents c010urs 
A = isoamyl alcohol y = yellow r = red 
B = MIBK y-gr = yellow-green 
C = diethyl ether gr-bl = green-blue 

y-or = yellow-orange 
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Table 4. Neutralization enthalpies (kcal/mole) at 22 f 0.5 and I = 0.2 

Total 
COOH group SH group neutralization 

3S2MP - 10.56 + 0.07 - 7.49 * 0.10 - 18.05 k 0.20 
3N2MP - 10.60+0.11 - 5.38 k 0.12 - 15.98 + 0.20 

value for the thiol group is higher for 3S2MP than for 
3N2MP, in agreement with the pK,, values. 

300 400 

Wavelength ( nm 1 

15. A. Albert and E. P. Serjeant, The Determination of 
Ionization Constants, Chapman & Hall, London, 1971. 

16. J. Barthel, F. Becker and N. G. Schmahl, Z. Phys. 
Fig. 4. Spectra for the determination of pK,, of 3N2MP. Chem., 1961, 29, 58. 

17. J. Barthel, Thermometric Titrations, Wiley, New York, 
1975. 

6.797 

8 467 

8667 

8 897 

9.137 

9 360 

9564 

9 770 

12 050 
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A CONTRIBUTION TO THE USE OF THORIN AS AN 
ANALYTICAL REAGENT: SPECTROPHOTOMETRIC STUDY 

OF ITS COMPLEXATION WITH BARIUM AND 
APPLICATION TO SULPHATE DETERMINATION IN 

ATMOSPHERIC PARTICULATES* 

P. BRUNO, M. CASELLI, A. TRAINI and A. ZUFFIANI?J 
Dipartimento di Chimica, Universita di Bari, 70126 Bari, Italia 

(Received 11 April 1983. Revised 16 January 1984. Accepted 9 February 1984) 

Summary-The complexation of Ba *+ by Thorin in the pH range 2-9 in aqueous ethanol medium has 
been investigated. The dissociation constants of Thorin in the ethanolic medium have been determined 
spectrophotometrically and the distribution of the protonated species has been used to explain the 
behaviour of the apparent complexation constant. On the basis of the apparent constants found, and 
mass-balances, the effect of sulphate on the absorbance has been calculated, and the best conditions for 
determination of sulphate have been established. Cation and anion interferences have been studied and 
means of overcoming them are proposed. The method developed has been applied to sulphate 
determination in atmospheric particulates. As little as 1 pg of sulphate can be measured. 

Since its introduction by Kuznetsov,’ l-(o-arseno- 
phenylazo)-2-naphthol-3,6&ulphonic acid (Thorin) 
has found wide application in analytical chemistry. 
It forms complexes with practically all metals. Thor- 
ium,2 lithium,) bismuth,4 lanthanided and beryllium6 
have been detected by reaction with Thorin. The 
complexes with uranium(VI),’ and magnesium, 
calcium and strontium* have been studied and the 
reagent has been recommended as an indicator in the 
titrimetric determination of sulphategs10 and for the 
determination of sulphur dioxide,” sulphur trioxide12 
and sulphuric acid.13 

Although an extensive investigation on the effect of 
pH and alcohol concentration has been reported by 
Haartz,14 the titration method is not the most suitable 
for small quantities of sulphate, and concentrations 
below 10m4A4 give erroneous results. 

A calorimetric Thorin method for sulphate has 
been proposed by Persson’5 and reviewed by Ber- 
tolaccini,‘6 but the optimum pH and barium concen- 
tration were not thoroughly considered in either 
paper. 

Here we present a study on the complexation of 
barium by Thorin at pH 2.0-9.0 in 60% v/v ethanol 
medium (54% w/w). The dissociation constants of 
Thorin in this solvent have been determined spec- 
trophotometrically and the results used to interpret 
the behaviour of the apparent complexation con- 
stant. The effect of sulphate on the absorbance has 
been calculated and the optimum conditions for 
sulphate determination predicted. 

*This work was supported by C.N.R. (Rome), Contract 
No. 82.01065.83 

The method thus designed has been applied to 
determination of sulphate in real samples of atmos- 
pheric particulates. Quantities of sulphate as small as 
1 pg can be determined. 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer 555 spectrophotometer and an Orion 901 
Ionanalyzer were used. The glass electrode was standardized 
with acetic acid/sodium acetate and ammonium 
perchlorate/ammonia buffers prepared in 60% v/v ethanol 
medium. The pK, values for acetic acid (5.97) and ammo- 
nium ion (8.55) in aqueous ethanol were calculated by the 
relationships:” 

ApK,(HA) = log&+ + m-y_ 

ApK,(BH+) = log fu+ + W,Y, 

Values for logf,,, m_ , y_ , rq,, y, are reported in (or can 
be easily calculated from) the literature.“-i9 Once standard- 
ized in this way, the electrode reproduced within 0.02 units 
the pH values calculated by these equations for acetic 
acid/sodium acetate, ammonium/ammonia and formic acid 
solutions. 

The dissociation and complexation constants were mea- 
sured at 25”, but no temperature control was used for 
analytical determinations. 

Airborne particulates were sampled with Millipore 0.45- 
pm filters in a Tecora Bcol CTE electronic atmospheric 
sampler. 

Reagents 

The Thorin (RPE, C. Erba) was recrystallized from water. 
A standard stock solution was prepared and checked by 
titration.*O All other reagents were of analytical grade. 

RESULTS 

pK, of Thorin in aqueous ethanol 

The absorbances of Thorin in aqueous ethanol 
were measured at 520 (Fig. 1A) and 430 nm as a 
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Fig. 1. Absorbance of 6.45 x 10esM Thorin us. pH. (A) 
Experimental curve at variable ionic strength; (B) at p = 
0. 1M (NaClO,); (C) Curve calculated from data reported in 

Table 1. 

function of pH, and also (Fig. 1B) with the ionic 
strength kept constant at 0.1 with sodium 
perchlorate. For Fig. 1A the sodium concentration 
was the minimum compatible with the pH values; for 
pH < 11 it was < 5 x 10m4M. The pH-shift on in- 
crease of the sodium concentration is too large to be 
ascribable to an ionic strength effect, and clearly 
shows complexation of sodium by Thorin. This effect 
will be described and evaluated later, but for the 
moment we can say that sodium has no substantial 
influence on the absorbance if its concentration is 
< 10e4M. The pK, values for the various protonated 
Thorin species were obtained from curve A in Fig. 1 
and are reported in Table 1 together with the molar 
absorptivities of the conjugate bases, and other re- 
sults. The first proton is completely dissociated even 
at the lowest pH. The real value of pK, is probably 
higher than 13.3 because at this pH level the sodium 
concentration is high enough to produce a shift 
towards lower pH. The value reported in Table 1 is 

merely indicative. However, if pK, is 2 13.3 it does 
not influence the distribution of the protonated spe- 
cies at pH < 11. The averages of the pK, values in 
aqueous solution20*2’ give a meaningful linear cor- 
relation (r = 0.9965) with the pK, values in the mixed 
solution: 

P&oH(~~%) = 1.52 + 1.02 (1) 

This rather surprising the extent ioniz- 
ation a given in two media is 

by (a) basicity of solvent and 
the dielectric Water is times as as 
ethanol,** of the ionized, but 
depends on electrostatic energy in the 

separation. According Wynne-Jones23 the 
contribution to between two 

can be by 

APK,, 
e* (D2-D,)(1 (2) 

4.6KTr D2 

where is the of H,O+ , R = rAH/rHJO+ , zB the 
charge on the conjugate base of the acid AH, and D, 
and D2 are the dielectric constants of the two media. 
Therefore ApK,, should increase with increasing zs 
and ApK should increase for successive dissociations 
of a polyprotic acid. However, if R is large enough, 
the second term in parentheses in equation (2) can be 
neglected, and in that case, for Thorin the sum of 
ApX;, and of the basicity effect (assumed roughly 
proportional to the mole fraction of ethanol) is very 
close (1.33) to the intercept of equation (1). 

Figure 2 is a distribution diagram for the pro- 
tonated species of Thorin (a,) as a function of pH. In 
this calculation the pK2 determined at 520 nm is used, 
since the first inflexion is poorly defined in the 
measurements made at 430 nm. From the ai and ci 
values reported in Table 2, the absorbance vs. pH 
curve can be recalculated (dashed line, C, in Fig. 1). 

Determination of the Ba *+-Thorin apparent complex- 
ation constants 

When a barium salt is added to an aqueous ethanol 
solution of Thorin the absorbances near 520 and 430 
nm increase and decrease respectively. Between these 

Table 1 

Equilibrium 

H,T&H+ +H,T- 

H,T- &H++H~T~- 

H,T2- AH+ + H2T3- 

H2T3- AH+ +HT+ 

HP-&H+ +TS- 

~Ketoa,alo 
6 (520 MI, 

1=52Onm h=430nm PK,,* pKa,t APK§ I.mole-‘.cm-’ 

Strongly acid Strongly acid Strongly acid 5.66 x lo3 

4.20 4.40 - 2.31 1.83 6.93 x lo3 

5.40 5.40 3.70 4.35 1.7c1.05 1.05 x 104 

10.05 10.00 8.30 8.26 1.75 1.50 x 104 

13.25 13.35 11.80 11.18 1.45-2.07 4.96 x 10’ 

*Reference 20; measured at 290 and 345 nm. 
TReference 2 1. 
$Between aqueous ethanol and aqueous medium. 
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wavelengths there is an isosbestic point (Fig. 3), 
behaviour typical of a metal-ligand complex. 

Figure 4 plots the absorbances for 6.45 x 10m5M 
Thorin mixed with various concentrations of barium 
(C,) for different values of pH obtained by addition 
of HC104, CH3 COOH/CH3 COONa, NH, C1O.J 
NH,OH, according to the pH required. When cations 
were added in the buffers, their concentration was 
kept below 10-3M. As shown later, this concentra- 
tion does not produce detectable error in the equi- 
librium constant, provided that C, >4 x lo-‘M is 
used for the calculations and the absorbances at a 
given pH in absence of barium (A,) are taken from 
curve A in Fig. 1. Figure 4 shows that for pH > 7 the 
plots are linear for low C,, and give constant absorb- 
ance at high C,,. The extrapolated linear portions 
intersect at a C, value practically equal to the Thorin 
concentration, indicating a 1: 1 complex with a rela- 
tively high formation constant. At lower pH the plots 
become more rounded and do not reach a constant 
absorbance. For C, > 4 x 10e4M, and after a period 
of time depending on the pH, a red precipitate ap- 
pears, which is found by atomic-absorption analysis 
to contain 20.6% barium, in good agreement with a 
1: 1 complex. The infrared spectrum shows changes 

from that of Thorin, in the ranges 1230-1120 and 
1080-1025 cm-‘, corresponding to the SO-stretching 
of RSO; groups.” 

The curves in Fig. 4 have been analysed to obtain 
K app, according to the relationship 

(A -A,) (-4, - 43) 
Kapp = (A, - A) {&(A, - A,) - CT(A - AdI (3) 

where A, is the limiting absorbance, A the absorb- 
ance corresponding to CBa, and C, is the analytical 
Thorin concentration. Equation (3) is readily ob- 
tained by taking into account the complex and free 
ligand absorbances and the mass balance. As will be 
shown in the discussion, equation (3 j is still valid even 
if several 1: 1 complexes with different ionic forms of 
a polyprotic acid are formed simultaneously, but in 
this case Kapp is a function of ai and Ki. When the 
absorbance reaches no limiting value in the range of 
possible barium concentrations, equation (3) can be 
put into the form:2s 

F(A) = [Ba2+ 1 CT 1 
P= 

A -A,, KaPP @aPP 

[Ba*+ 1 c4j 
-%)+(~.pp-Eg) 

where .+, = Am/CT. As [Ba2+] is unknown, in prin- 

Table 2 

PH 
%P, 

lois Kapp ltil.mole-‘.cm-’ 

2.08 2.15 1.50 
2.41 3.32 1.51 
3.00 3.64 1.53 
3.60 4.21 1.53 
4.15 4.54 1.56 
4.65 4.76 1.63 
5.25 5.09 1.75 
6.10 5.26 1.84 
7.00 5.32 1.86 
7.50 5.48 1.86 
8.25 5.80 1.88 
9.10 6.23 1.91 

-log a2 -log a, 

2.12 5.43 
1.72 4.61 
1.23 3.63 
0.70 2.50 
0.34 1.60 
0.19 0.94 
0.25 0.41 
0.78 0.08 
1.62 0.01 
2.10 0.00 
2.86 0.01 
3.70 0.04 

-log a4 

13.40 
12.16 
10.68 
8.95 
7.49 
6.34 
5.20 
4.03 
3.06 
2.56 
1.82 
1.04 

-log a5 

24.56 
22.91 
20.93 
18.60 
16.59 
14.94 
13.20 
11.18 
9.31 
8.30 
6.81 
5.22 
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Fig. 3. Spectrum of Tborin in the presence of Ba*+.. CT = 6.45 x 10-5M; pH = 5.7; (1) Thorin; (2-6) 
increasing concentration of Ba*+ . 

cipIe an iterative convergence process can be used, 
starting from the analytical barium concentration. 

corresponding to a given pH. The I&, values were 
found to be reproducible within + 10% for the lower 

Examples of the linear plots obtained for F(A) US. pH levels and within 50% for pH > 7. At pH = 9.1 
[Ba*+ ] are shown in Fig. 5. The KapP and +, values the fraction of uncomplexed barium is only about 
are collected in Table 2, together with the ai values 10% when C, = C, and the error in K& can then be 

4 a 12 16 20 24 

C 8. i10-5M) 

Fig. 4. Absorbance US. C, at 1 = 520 nm; pH reported on each curve; CT = 6.45 x lo-‘h4. 
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greater. The Kapp reported in Table 2 for this pH must 
be considered as only indicative; an error of 100% is 
possible. For pH > 9, KaPP becomes too high to be 
obtained by spectrophotometric methods. 

DISCUSSION 

True Ba-Thorin complexation constant &termination 

The behaviour of Kapp in Table 2 is such that it 
cannot be explained by assuming complexation by 
only one of the ionized forms of Thorin (since K& 
should then be proportional to one of the sets of ai 
values). Both a2 and aj present a maximum (at pH 4.6 
and 7.7 respectively); a4 has monotonic behaviour in 
the pH range considered, but does not show any 
proportionality to Kapp. However, if we suppose that 
barium forms 1: 1 complexes with more than one 
form of Thorin we shall have: 

i-5 

A = C (CT [Ti] +  tf [BaTi]) (5) 
i-o 

where 

pi] = [HS_iTi-] = ai& = ai(C, - Z[BaT,]) (6) 

[BaTJ = K[Ba’+] vi] (7) 

C, is the concentration of non-complexed Thorin 
and c: and .zc are the molar absorptivities of T, and 
BaT, respectively. From (6) and (7), we have 

Gc = 
CT 

1 + [Ba”] Ca,K, 

From (7) and (8) we can rewrite (5) as 

A = C,(Za,cT + [Ba2+] &FaiKi) 

1 + [Ba2+] ZaiKi 
(9) 

Putting Zai Ki = K& and Z$aiKi/XaiKi = capp, we 

10 r LI” = 247 

Fig. 5. F(A) (see text) us. [Ba*+] for different values of pH. 

can write (9) in the form 

A A = CTPa2’ 1 kw - ~~~~~~~ 
- 0 

1+ Pa’+ I K, 
where A0 = C,Q, = C,Xa&. Equation (10) 
same as (4). Alternatively, since 

Z[BaTi] = C, - C,, = G&,JBa2+ I 
1 + K,,[Ba2+] 

equation (10) can be written as 

A - A, = (capp - co)CIBaTi] 

=(A, -Ao)v 
T 

or 

A -A, Z[BaT,] 
- = K,,,[Ba2+] 

Gc 

K,,(C, -Z[BaTi]) 

is the 

(11) 

If Z[BaT,] from (12) substituted in (13), 
K& gives equation (3). 

The Ki value can be obtained = K,, by 
iteration if there are ranges where a single complex 
strongly In this case a 

a slope very close unity will be obtained 
a log-log plot of Kpp against the righf 

pH 2.0-4.2 if a, is taken as abscissa. 
Further, in this pH range the relatively 

in agreement with 
formation the neutral 

a first approximation is obtained it is 
possible to obtain first approximations for K3 K4 
by plotting - azK2) a3 in 
pH 5-7 - a2 K2 - K3) in the range 
7-9. be refined by iteration. 

6 shows 

( KapP - c a/$) 

Final Ki are: K, = 6.9 x K3 2.0 x lo5 
= 1.0 x & plot is 

be attributed to 
at the highest pH. 

In Fig. 7 experimental values 
= Kapp 

(continuous line). 

of complexation by buffer 

by Thorin though 
less To evaluate their 
effect, the apparent complexation 

at various pH levels for 
It is rather surprising 

a constant value of KaPP 
a 1: 1 a 1:2 complex. 

a plot of absorbances vs. [M+], at pH 8.0, 
gives a plateau an absorbance increase when 
the cation concentration 
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1 I I 
-2 -1 0 

log 0, 

Fig. 6. Final iteration for 

log (KPP -5yj) 0.7. iw.% 

Numbers in’parentheses are the corresponding pH values. 

In presence of both barium and a univalent ion, 
equation (10) becomes 

A-A,,= 

CT{Pa2+lK$,(~~p - d + [M+l(tgp - dK,M,,} 
1 + [Ba*+]K$, + [M+lK$ 

(14) 

I I I 1 
4 6 8 10 

PH 

Fig. 7. Experimental log Karr, (circles) us. pH compared with 
the values calculated by equation (9) (continuous line). 

Of course the M+ effect is negligible if K&[Ba2+] 
$ Kr&,[M+]. To evaluate the influence of M+ , theor- 
etical absorbances were calculated from equation 
(14), taking into account the mass balances for 
the chemical species. Numerical values introduced 
into equation (14) were: K$ = 6.0 x 104, K$, = 70, 
C,, = 4.0 x lo-‘M, C, = 6.45 x lo-‘IV,+,, = 1.67 x 
104,cN,= 1.25 x 104,+= 7.13 x lo3 l.mole-‘.cm-‘. 

These data correspond to pH = 4.6, where the ratio 
K,/K,, is the most unfavourable. The calculated 
absorbances, when introduced into equation (3) 
(used without correction for the presence of Na+) 

gave Kapp - Ba - 6.1 x 106, for Ba concentrations > 4.0 
x lo-SM. 

Fig. 8. Absorbance of a Ba-Thorin solution during a precipitation by SO:-, calculated for different values 
of K,. C, = 6.45 x 10-5M; Csa = 4.0 x 1O-5M; C,, = 4.0 x 10-3M; K& = 4.6 x 105; K& = 330; 
co = 1.02 x 104; 6, = 1.86 x 104; tNa = 1.27 x lo4 l.mole-‘.cm-‘; (A) K, = 5 x lo-“; (B) K, = 9 x lO_“; 

(C) K, = 5 x lo-‘*; (D) KS = 1 x lo-‘*. 
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Effect of sulphate on Ba-Thorin complex 

When sulphate is added to a soultion containing 
Thorin and a barium salt, buffered at a given pH, in 
such a quantity that the solubility product for barium 
sulphate is exceeded, the concentrations are ruled by 
the relationships: 

CT = ZPaT,] + EMT,] + Xvi]; 

[SO:-] = Cso, - C, + Z[BaT,] + Paz+ 1; 

CM = ZwTi] + [M + 1; 

Z[BaTi] 
GP = lT3az+]z~il; 

WTiI 
GP = Fr+]z[T,]; 

K, = [Ba2+] [SO:-] 

Figure 8 shows the calculated absorbance vs. 
analytical concentration of sulphate when the initial 
total barium concentration is 4.0 x 10e5M. Curves are 
calculated for pH 8.0 and different values of the 
solubility product. The pH is supposedly buffered by 
NH$/NH,, assuming mH,+] = 4.0 x 10-)&f. Values 
of K&, and K& are taken from Fig. 7 and Table 3. 
The absorbance is a linear function of C,, practically 
up to the equivalence point if the solubility product 
is KS ~2.0 x 10-12. 

Figure 9 shows the calculated differences (Ai - A) 
plotted vs. Css where Ai is the absorbance of the 
barium-Thorin solution in absence of sulphate. The 
curves can be obtained experimentally if the 
barium-Thorin solution is positioned in the spectro- 
photometer sample compartment and the barium- 
Thorin-sulphate mixture in the reference compart- 

Table 3 

PH Ion 

2.5 Na+ 
4.8 Na+ 
8.0 Na+ 
8.0 NH; 

f,pQ 9 

K 10' I.mole-‘.cm-’ 

_;” 12.5 
70 13.0 

400 13.4 
330 12.7 

ment. Different pH levels and initial concentrations 
of barium are considered in Fig. 9. A value of 
1.0 x lo-I2 was used for KS, on the basis of the better 
fit between the experimental and calculated curves. 
The curves for low pH are linear for a wide range of 
initial Ba concentration, but the sensitivity is low. 
The curves for pH 5 present the best sensitivity. 
They are linear up to Cso, = 2.5 x IO-‘M if 

CiJ8 = 4.0 x 10e5M and present no linearity at all 
if C, = 8.0 x 10-5M. The curves for pH 8 have 
slightly lower sensitivity but better linearity than 
those at pH 5. 

ANALYTICAL APPLICATIONS 

Calibration plots and foreign ion effects 

The equations reported above allow some predic- 
tion of the best conditions for analytical use of 
Thorin. For instance, calculation of the curves for 
titration of sulphate with barium (Fig. 10) shows that 
the error rapidly increases as the sulphate concen- 
tration decreases. The limiting sulphate concen- 
tration for acceptable error is 1.0 x 10m4M. In effect 
the relative error decreases with decrease of Thorin 
concentration, but a limit is set by the ability to 
discriminate the colour change visually. Moreover, 

pH '2.5 csa *6al0-5M 

____---------_--_ 

Fig. 9. Decrease in Ba-Thorin absorbance on addition of SO:- ions, for different pH values and Ba2+ 
concentrations. 
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10 

0.8 

q 0.6 

0.4 

I I I I I 

06 1 14 1.6 

DEGREE OF TITRATION 

Fig. 10. Calculated curves for titration of sulphate by BaZ+ with Thorin as indicator (based on the values 
of KBpp and t reported in the text). (1-5) Cr= 5 x IO-‘M; (6) Cr= 1 x IO-‘M; (1) pH = 2.5 and 
C, = 2 x 10-)&f; (2) pH = 5.0 and C,,, = 2 x 10m4M; (3) pH = 8.0 and Cso, = 2 x 10m4M; (4) pH = 5.0 
and Cso, = 2 x 10-3~4; (5) pH = 8.0 and Cso,= 2 x 10-3M; (6) pH = 8.0 and Cso,= 2 x 10w4M. 

Table 4. Parameters for A = a + bC (C = sulphate concentration, 
pg/ml); r = correlation coefficient 

b, l.r.,* d.l.,t 
PH LI mlllrg r pgglml pgglml 

5.0 -2.24 x lo-) 0.0778 0.9990 O-3 0.15 
8.0 -2.19 x 1O-3 0.0538 0.9985 O-3.5 0.28 

*Linearity range. 
TDetection limit, at p = 0.01. 

titrations at pH < 3 involve a great excess of titrant, 
as shown experimentally for propyl alcohol me- 
dium.14 Some of these difficulties can be overcome by 
a spectrophotometric determination. Table 4 gives 
the relevant parameters for calibration plots at 520 
nm, for pH 5 and 8. The sensitivity is slightly better 
at pH 5, but the choice of pH effectively depends on 
the interferences. To verify, this the effect of cations 
and anions was studied. Cations were added as the 
perchlorate salts, since this anion hasygligible 
effect on the absorbance. Univalent cations give 
negative errors and can be tolerated at up to ten times 
the sulphate concentration. The tolerance limits for 
bivalent cations are much lower, so their preliminary 
removal by ion-exchange is practically essential. 

The effect of the anions most frequently present in 
atmospheric particulates is reported in Fig. 11. The 
error due to phosphate is the most serious. If present, 
phosphate must be removed, for instance with mag- 
nesium carbonate. Other anions generally give posi- 
tive errors. Should the quantity of nitrate or chloride 
be large, a separation of sulphate on a weakly basic 
anion-exchanger, with a dilute carbonate solution as 
eluent, is advisable, but this is a time-consuming 
operation. Hence, a larger margin of error may be 
tolerated as the price of a more rapid analysis. 
Alternatively, the error in the sulphate determination 
can be minimized if the same amount of interfering 
anions is added to the Ba-Thorin reference solution. 
Under these conditions a level of nitrate up to fifty 

times that of the sulphate gives a negligible error. 
This procedure is not always possible, however, e.g., 
for phosphate, and demands a previous analysis for 
interfering anions. In some cases, however, e.g., for 
atmospheric particulates, such analyses are more or 

Fig. 11. 

0 

MOLES ANION / MOLES SO:- 

Anion interference in the sulphate determination: 
Cso, = 1 x lo-‘M; (A) pH = 5.0; (B) pH = 8.0. 
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Volume sampled, 
WI’ 

17.1 
15.5 
17.3 

Table 5 

Total particulates, so:-, NO;, Cl-, PO:-, 
rcglm’ m7lm’ pgcglm’ ielm’ Prim’ 
85.6 4.1 52.0 2.1 - 
60.7 6.3 43.3 2.9 0.2 

107.3 4.9 73.9 1.5 - 
17.3 62.6 3.8 31.9 1.7 0.15 

4.2” 
19.9 104.3 3.3 54.1 2.5 0.18 

*Without compensation for interfering anions. 

less routine. Interference of anions is generally higher 
at pH 8 than at pH 5, so this pH is chosen for 
atmospheric particulate analysis. 

Analysis of atmospheric particulates 

Since the sulphate fraction in atmospheric particu- 
lates essentially consists of soluble sulphates,26*27 the 
filter was leached with 10 ml of boiling water. Then 
2 ml of the extract were passed through a cation- 
exchange column (10 cm x 0.7 cm i.d., packed with 
a Dowex 5OW-X8, 100/200 mesh, hydrogen-form 
exchange resin); the effluent and -3 ml of rinsing 
water were collected in a 25-ml standard flask; 15 ml 
of ethanol, 500 ~1 of 0.2M sodium acetate, 3 ml of 
0.2M acetic acid, 400 ~1 of 0.2% Thorin solution and 
100 ~1 of 1.0 x lo-*M barium perchlorate were 
added, the volume was adjusted to the mark and the 
absorbance was read in a 500~~1 microcell against a 
corresponding Ba-Thorin solution after 10 min. 

Sulphate was determined by standard addition of 
5.0 x lo-‘M sulphate (0.2-l ~1). Results of five 
analyses are reported in Table 5. The results for the 
chloride analysis (turbidimetric method), nitrate 
(Saltzman method28 after reduction with zinc) and 
phosphate (molybdenum blue method*‘) are also 
presented in Table 5. Since the phosphate/sulphate 
ratio was lower than 0.1 and the maximum quantity 
of nitrate was such that 10% maximum error could 
be estimated (see Fig. 11) no anion-exhanger was 
used, but the nitrate effect was compensated for as 
described above. 

CONCLUSIONS 

The absorbance of the barium-Thorin complexes 
in presence of sulphate allows the determination of 
small amounts of sulphate. Attention to the effect of 
pH and buffer composition on the complexation 
allows choice of the best conditions for the analysis. 
For analysis of atmospheric particulates the best 
results are obtained at pH 5. The detection limit is 

about 0.15 pg/ml and quantities as low as 1 pg of 
sulphate can easily be detected. 

This method can be used for the determination of 
other anions (for instance phosphate) giving insoluble 
barium salts. 
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Summary-Capillary thin layer and gas chromatographic methods for analysis of the extent of oxidation 
in phosphatidyl choline/cholesterol samples are described. Examples of systems suitable for qualitative 
and quantitative analysis, based on use of unmodified samples or of their derivatives, are illustrated. A 
method for concurrent quantitative determination of phospholipid and sterol without preseparation is 
introduced and is based on extension of a previous lipid trans-methylation technique. 

The analysis of the various classes of lipids, including 
the sterol group, has been the subject of intensive 
study for the last thirty years. Separation and deter- 
mination are often difficult, owing to the chemical 
similarity of the large number of species present in 
most natural samples, and the amphipathic (asym- 
metrically polar) and often zwitterionic nature of 
these molecules. Numerous methods have been devel- 
oped for separation of lipids into well defined groups, 
followed by use of more specialized techniques and 
methods for identification within a particular class. 

Qualitative analysis can be accomplished through 
use of derivative formation coupled with techniques 
such as thin-layer chromatography (TLC) on plates 
treated with silver nitrate or reverse-phase TLC gas 
chromatography, and reverse-phase high-pressure 
liquid chromatography.’ Identification generally in- 
volves acyl chain determinations since particular lipid 
classes are defined in terms of their polar head- 
groups. Formation of derivatives by means of head- 
group cleavage followed by acetylation or silylation,’ 
or by transesterification3 at the ester linkages con- 
necting fatty acid moieties to the head-group region 
encompasses the most prevalent methods of sample 
preparation. Many products, including cholesterol 
derivatives (of which there are more than 50 because 
of autoxidation4), free fatty acids and esters, can be 
readily chromatographed on TLC plates and can be 
detected by use of specific spray reagents and com- 
pared with known standards.j Lipids which contain 
unsaturated acyl chains are also susceptible to aut- 
oxidation through an autocatalytic process.6-‘0 The 
reactivity of such species is partially determined by 
the number of double bonds in a chain. For example, 
a linoleic hydrocarbon is twentyfold more reactive 
than an oleic chain, and susceptibility to oxidation 
increases at least twofold for each additional double 
bond.6 One method of determining the extent of acyl 
chain oxidation for chains with two or more double 
bonds is based on the fact that autoxidation produces 

compounds with conjugated systems which can be 
determined by ultraviolet spectrophotometry.” A 
more general quantitative method involves the use of 
gas chromatographic techniques for separation of 
lipid acyl chain methyl esters, which are the deriva- 
tives of choice in such analyses.’ 

Gas chromatographic analysis of lipid and sterol 
derivatives has been performed, for the most part, on 
packed column systems, although capillary columns, 
particularly those constructed from glass, have been 
used with considerable success.” Lipid derivatives in 
common use for gas chromatography include those 
obtained by boron trifluoride-methanol treatment,13 
and acidI and base3 catalysed trans-esterifications. 
Difficulties encountered with the first two methods 
include dependence of the reaction on sample size, 
and undesirable side-reactionsi The base-catalysed 
reactions are rapid, clean and efficient and are suit- 
able for sample sizes as small as 1 mg. 

Gas chromatographic analysis of cholesterol and 
its oxidation products is commonplace, though 
proper resolution of such compounds usually necessi- 
tates preseparation from other lipid materials in the 
sample matrix. ‘*4 A typical approach involves prepa- 
rative TLC followed by sample isolation, formation 
of the silyl or acetyl derivatives and dissolution in a 
volatile organic solvent. 

This paper reports procedures for routine evalu- 
ation of the extent and nature of oxidation in 
lipid/sterol samples, a critical factor in lipid mem- 
brane technology. Concurrent quantitative analyses 
for lipid and sterol are performed by high-efficiency 
capillary gas chromatography without preseparation. 
In addition, rapid TLC methods for quality control 
are described. 

EXPERIMENTAL 

Reagents 

The lipid employed exclusively in this work was phos- 
phatidyl choline derived from eggs (Avanti Biochemicals 

489 



T
ab

le
 

1.
 T

hi
n-

la
ye

r 
ch

ro
m

at
og

ra
ph

ic
 

so
lv

en
t 

sy
st

em
s 

fo
r 

se
pa

ra
tio

n 
of

 c
ho

le
st

er
ol

 
an

d 
lip

id
 o

xi
da

tio
n 

pr
od

uc
ts

 

N
um

be
r 

of
 p

la
te

 
So

lv
en

t 
ra

tio
s,

 
M

et
ho

d 
ir

ri
ga

tio
ns

 
So

lv
en

ts
 

ul
u 

D
et

ec
tio

n 
sy

st
em

 
Pu

rp
os

e 

1 
1 

C
H

C
l,/

M
eO

H
/H

,O
 

4/
l/

0.
1 

A
ci

di
c 

ph
os

ph
om

ol
yb

da
te

 
Se

pa
ra

tio
n 

of
 l

ip
id

 
sp

ra
y,

 
15

0”
 c

ha
r 

an
d 

ch
ol

es
te

ro
l 

fo
r 

(w
he

re
 

ap
pl

ic
ab

le
 

fo
r 

su
bs

eq
ue

nt
 

ca
pi

lla
ry

 
re

fe
re

nc
e 

st
an

da
rd

) 
ch

ro
m

at
og

ra
ph

ic
 

an
al

ys
is

 

2 
1 

C
H

C
l,/

M
eO

H
/H

,O
 

3/
l/

0.
1 

A
s 

ab
ov

e 
A

na
ly

si
s 

of
 l

ip
id

 o
xi

da
tio

n 

3 
2 

E
th

yl
 

ac
et

at
e/

he
pt

an
e 

l/l
 

U
V

 c
ha

ra
ct

er
iz

at
io

n 
A

na
ly

si
s 

of
 

fo
llo

w
ed

 
by

 c
er

iu
m

/ 
ch

ol
es

te
ro

l 
ox

id
at

io
n 

H
,S

O
, 

ch
ar

 
at

 
15

0”
 

4 
2 

E
th

yl
 

ac
et

at
e/

he
pt

an
e 

l/
2 

A
s 

ab
ov

e 
A

s 
ab

ov
e 

5 
1 

E
th

yl
 

ac
et

at
e/

he
pt

an
e 

1/
t 

A
s 

ab
ov

e 
A

s 
ab

ov
e 

6 
1 

B
en

ze
ne

/e
th

yl
 

ac
et

at
e 

31
2 

A
s 

ab
ov

e 
A

s 
ab

ov
e 

7 
2 

H
ex

an
e/

di
et

hy
l 

et
he

r 
92

18
 

C
er

iu
m

/H
,S

O
, 

Se
pa

ra
tio

n 
of

 l
ip

id
 

ch
ar

 
at

 
15

0”
 

ac
yl

 c
ha

in
 

m
et

hy
la

te
s 

w
ith

 O
-2

 e
th

yl
en

ic
 

re
si

du
es

 

8 
2 

H
ex

an
e/

di
et

hy
l 

et
he

r 
4f

W
 

A
s 

ab
ov

e 
A

s 
ab

ov
e,

 
fo

r 
se

pa
ra

tio
n 

of
 c

ha
in

s 
w

ith
 

3-
6 

et
hy

le
ni

c 
re

si
du

es
 



Analysis of phospholipid and cholesterol oxidation 491 

Inc., Birmingham, AL). Reagent-grade cholesterol (Re- 
search Plus Inc., Bayonne, NJ) was used as the primary 
sterol from which oxidized products were evolved. 

Tram-methylation was performed with 0.5M sodium 
methoxide freshly prepared by reaction of sodium metal 
with methanol. Silyiatibn was accomplished with Tri-Sil-Z 
(Pierce Chemical Company, Rockford, ILL). All other 
solvents were of reagent grade and were kept anhydrous. 

Apparatus 

varying degrees of unsaturation. Theproce&re consisted of 

Thin-layer Chromatography. Two types of glass-based 
chromatographic plate were employed for separation of 
cholesterol and lipid oxidation products. These were Anasil 

saturating the plates with O.lM silver nitrate solution in 

GF-250 (Analabs, North Haven, CT) and Sil G-25 HR 
(Macheray-Nagel, Duren, Germany), both 250-pm silica 

1: 1 v/v methanol/water mixture. The solvent was removed 

gel, and Sil G-25 UV254, a 250~pm silica gel hardened with 
gypsum and treated with a fluorescent agent with excitation 

with a warm air stream, then the plates were immediately 

maximum at 254nm (Macheray-Nagel). The thickness of 
the plate coatings was chosen to optimize analytical sepa- 

baked at 110” for 20 min. This orovided sutllcient activation 

ration while maintaining sufficient loading for subsequent 
extraction. The Anasil plates employed for lipid analysis 
required further preparation for methylate separation, 
which was based on resolution of lipid acyl chains having 

for the preseparation. Sterol products on the silica gel were 
manually removed from the TLC plates by scratching, then 
extracted with chloroform; the solutions were concentrated 
by evaporation and finally analysed by gas chro- 
matography. 

Derivative formation. The sterol products isolated in the 
TLC procedure could be chromatographed directly or first 
be modified by silylation to limit problems caused by 
thermal decomposition. A few mg of sterol product were 
placed in a dry Teflon-lined septum vial and 20 ~1 of 
Tri-Sil-Z (trimethylsilylimidazole in dry pyridine, 1.5 
meq/ml) were added. After the mixture had been heated 
in a water-bath at 60” for 30 min (during which the vial was 
capped under a nitrogen blanket) the excess of pyridine was 
removed in dry conditions under nitrogen to concentrate the 
sample before gas chromatography of the silyl ethers. 

ation procedure. The lipid sample (l-10 mg) was reacted for 
15 min at 22” with a mixture of 1 ml of freshly prepared 
0.5M sodium methoxide (in methanol) and 1 ml of dry 
benzene. The product was extracted with 3 ml of diethyl 
ether, which was then washed with two 3-ml nortions of 1M 

Phospholipid modification for TLC and gas chro- 
matographic analysis consisted of trans-methylation to pro- 
duce methyl esters of the lipid acyl chains. Numerous 
methods of doing this have been described, but the best 
method for complete concentration-independent conversion 
of small samples employs a base-catalysed reaction.3 The 
following method is a modification of a standard methyl- 

for methylate separation if the plates were used immediately 
after the baking. 

Capillary gas chromatography. A conventional packed- 
column Varian Aerograph 2740-10 gas chromatograph 
(Varian Associates, Walnut Creek, CA) was modified for 
capillary gas chromatographic investigation of lipid oxi- 
dation. A glass-lined splitter assembly (Inlet Splitter 
System; Chromalytic Technology P/L), including a septum- 
purge and a buffer-volume to reduce gas viscosity effects, 
replaced the conventional inlet. The stainless-steel glass- 
lined inlet tubing and nickel outlet tubing were of 0.25 mm 
internal diameter and included a T-junction for make-up gas 
at the end of the column to reduce dead-volume effects. All 
tubing connectors were’ chosen to minimize dead-volume 
effects. The detector was based on a sensitive 
flame-ionization electrometer assembly, with hydrogen/air 
fuel mixture and helium as carrier and make-up gas. A 
separate gas-flow controller (Pressure Control System, 
Chromalytic Technology) was used because of the low 
volumes of gas required. The column employed was a 
30 m x 0.25 mm ID Durabond fused-silica column with 
DB-1 (equivalent to SE-30) 0.25~pm coating and a practical 
efficiency of NcR = IO5 (J + W Scientific, Inc., Ranch0 Cor- 
dova, CA). Data analysis was performed with a 
Hewlett-Packard model 3390A reporting integrator. 

Procedures 

Thin-layer chromatographic techniques. Several solvent 
systems were employed for various separations of choles- 
terol and lipid oxidation products in decane solutions. These 
are summarized in terms of function and detection system 
in Table 1. Irrigation was performed in closed glass cham- 
bers which were initially purged with nitrogen. The solvent 
front was allowed to advance 12 cm, after which the de- 

aqueous sodium chloride. The diethyl ether/benzene extract 
was then dried over anhydrous sodium sulphate, conccn- 
trated with a stream of nitrogen and submitted to gas 
chromatography. 

RESULTS AND DISCUSSION 

Thin-layer chromatography 

Thin-layer chromatography is the simplest and 
most versatile method suitable for general separation 
of the major oxidation products of both lipid and 
cholesterol. The results obtained for lipid/sterol mix- 
tures by use of the preferred separation systems listed 
in Table 1 are summarized in Table 2. It must be 
emphasized that no universal method for complete 
separation exists and choice of method is determined 
by the resolving ability for a desired component. For 
unmodified samples a maximum of 3 lipid products 
and 15 sterols can be routinely separated. 

The autoxidation of cholesterol involves initiation 

and propagation processes that act to produce reac- 
tive intermediates such as hydroperoxides and 
cholest-5-en-3-one,4 which react to form the other 
commonly observed products. The sterols separated 
have been tentatively identified by use of standards 
and of various literature sources describing similar 
product mixtures and chromatographic systems.5*‘6 
Retention indices relative to cholesterol provide re- 

tection system was applied or, after momentary warm-air 
drying, the plates were rc-irrigated to increase separation 

producible data suitable for identification of prod- 

and resolution before detection. Detection by means of ucts, but confidence in the identification can bc 

charring consisted of evenly spraying the plates with a greatly increased by use of spray reagents or 
1: 1 v/v mixture of concentrated sulphuric acid and satur- fluorescence methods selective for functional 
ated aqueous ceric ammonium sulphate solution and heat- 
ing to 150” for 10 min to produce a uniform black-brown 

groups.5*‘6 

char. 
Phospholipid analysis by TLC is a much more 

Routine TLC methods were employed for separation of difficult task, since the molecules are amphipathic 

phospholipid from sterols for standard gas chro- and also contain ionized groups in the head-group 
matographic analysis. Table 1 gives some suitable systems zone. Standard procedures can separate classes of 

r*I. .?,,,-a 
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Table 2. Retention factors obtained by various TLC methods 

Method 
(Table 1) 

R, for most significant 
resolvable compounds Tentative identity5*” 

2 

0.79 f 0.03 Oxidized cholesterol 
0.70 Cholesterol 
0.59 Oxidized cholesterol 
0.39 Phosphatidyl choline 
0.26 Lyso-PC 
0.13 Oxidized PC 

3 

6 

0.93 
0.86 
0.82 
0.78 
0.74 
0.71 
0.65 
0.62 
0.57 
0.53 
0.50 
0.36 
0.28 
0.07 

0.98 
0.77 
0.67 
0.51 
0.42 
0.23 
0.19 
0.05 Cholestane~3fl,6a,5/7-triol 

Cholesta-3,5-dien-7-one 
Cholesterol 

25-Hydroxycholesterol 
‘I-Ketocholesterol 
7a and 7/3-Hydroxycholesterol 
3/?,5-Dihydroxy-Sa-cholestan-done 
Cholestane-3j,5a,6B-triol 

Cholesta-3,5-diene and 3,5-dien-7-one 
Cholesta4en-3-one 
Cholesterol 
5,6-Epoxycholestan-3/J-01 
‘I-Hydroperoxide and 7-ketocholesterol 
7a-Hydroxycholesterol 
78-Hydroxycholesterol 

phospholipids only poorly, and determination of 
structural unsaturation is generally not possible. A 
number of enzymatic methods have been employed to 
cleave the charged groups from phosphatidyl cholines 
and ethanolamines, resulting in mixtures which can 
be separated by conventional TLC systems;’ how- 
ever, identification of acyl chain unsaturation re- 
mains difficult. Such work can be readily performed 
after treatment of the phospholipid to form methyl 
esters of the acyl chains. Base-catalysed trans- 
methylation provides a clean, efficient one-step pro- 
cess which is apparently not concentration-dependent 
and does not cause isomerization at the double 
bonds.‘*3 Specially prepared TLC plates are required 
for analysis of the unsaturated methyl esters, since 
separation must be largely based on the subtle 
differences between similar long-chain hydrocarbons. 
Plates treated with silver nitrate provide active silver 
sites for binding with the n-orbital electrons of 
ethylenic or acetylenic bonds. The sample migration 
rate on the plate is almost entirely determined by the 
number of available unsaturation sites, since reten- 
tion increases with n-orbital complexation. Plates are 
conventionally prepared by mixing solid silver nitrate 
(S-10% w/w) with the silica gel G/water slurry em- 
ployed for plate-coating. The simplified method of 
plate preparation employed in this work also 
achieved reproducible results but was extremely sen- 
sitive to plate activation by the baking process.” 

Table 3 presents typical data obtained with these 
TLC plates and illustrates the value of changing the 
solvent ratio for separation of unsaturated acyl 
chains. All the TLC methods described here are 
generally only suitable for qualitative analysis, 
though quantitative work by means of a scanning 
densitometer is possible. 

Capillary gas chromatography 

Gas chromatographic analysis optimizes qual- 
itative results and simplifies determination since the 
concentrations of similar materials can readily be 

Table 3. Retention factors for TLC sepa- 
ration of lipid acyl chain methylates 

Method 
(Table 1) R, Identity 

7 0.92 Saturated methylate 
0.77 Monoenate 
0.46 Dienate 
0.08 - 
0.02 

8 0.95 
0.62 Trienate 
0.31 Tetraenate 
0.15 Pentaenate 
0.03 Hexaenate 

*TLC plates pretreated with silver nitrate 
solution as described in text. 
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I I I I I I 

0 IO 20 

TIME ( minutes) 

Fig. 1. Capillary gas chromatogram of cholesterol and 
autoxidation products after sterol silylation. The column 
was a 30 m x 0.5 mm G SCOT/B system coated with 
OVlOl. Separation under isothermal conditions with a 
column temperature of 280°C and an injection temperature 

of 300°C. 

found by normalization of the peak areas. The prob- 
lems encountered in the separation of closely related 
materials are alleviated by use of high-efficiency 
capillary columns. The inherent sensitivity of 
flame-ionization detection is sufficient to measure 
nanogram quantities of the lipid materials in- 

vestigated. 
Sterol analysis is conventionally performed by 

TLC separation of the sterols from other lipids, 
followed by extraction and derivative formation be- 
fore gas chromatographic analysis. Derivatives such 
as the silylated products employed in this work give 
chromatograms like that in Fig. 1. The sterol deriva- 
tives are well separated and thermal decomposition is 
minimized.” Sterol samples, in a volatile solvent, can 
be directly injected into the chromatograph without 
prior conversion into derivatives, though the com- 

mon cholesterol autoxidation products often decom- 
pose at the temperatures required to vaporize them. 
With constant injector and column temperature, a 
reproducible chromatogram of native and pyrolysed 
sterol products is obtained, as shown in Fig. 2. 
Identification of some of the major products has been 
attempted by analysis of sterol products preseparated 
by TLC and also through use of commercially avail- 
able standards. The tentative identifications are listed 
in Table 4. Comparison of Figs. 1 and 2 indicates that 
silylation is best for optimal sterol resolution, but 

6 

7 

1, 
fsg 

I 
0 

I I I I 
IO 20 30 40 

TIME (minutes) 

Fig. 2. Capillary gas chromatogram of unmodified chole- 
sterol and autoxidation products. The column was a 
30 m x 0.25 mm fused silica system permanently coated 
with DB-1 (equivalent to SE-30). The injection temperature 
was 325”C, and temperature programming was started on 
injection, from 200°C to 280°C at 4”C/min. The initial 
attenuation factor was 16, reduced to 2 after 8 min, and 1 

after 12 min. 

both methods produce chromatograms which are 
suitable for quantitative analysis when the chro- 
matographic conditions are carefully controlled and 
reproduced, and the pyrolysis peaks are linked to the 
appropriate parent compound. Control of the chro- 
matographic conditions is particularly important for 
the pyrolysis chromatogram, which under good con- 

Table 4. Identification of cholesterol oxidation products 
separated by capillary gas chromatography as shown in 

Figs. 1 and 2 

Product number 
Tentative 

Figure 1 Figure 2 identity 

3 1 7a-Hydroxycholesterol 
- 2 5,6-Epoxycholestan-3b-ol 
4 3 Cholesterol 

- 4 Cholesta-3,5-diene 
5 5 Cholesta-3,5-dien-7-one 

- 6 5a-Cholestane-3a,5,68-trio1 
10 7 S,6-Epoxycholestan-3/l-01 
- 8 5a-Cholestan-3a,5,6/3-trio1 
17 9 7-Ketocholesteril 

Known decompositions: 
7-ketocholesterol d cholesta-3,5dien-7-one. 
7a-hydroxycholesterol -+ decomposition envelope adja- 
cent to products 1 and 2 in Fig. 2. 
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ditions produces quantitative results with a vari- 
ability of 5-10%. A major technical problem in 
measurement of peak areas occurs when an electronic 
integrator is not available, since many of the sterols 
are present in extremely low concentrations relative 
to the parent cholesterol. To record all these species 
concurrently and quantitatively, a two-channel 
recorder with one channel attenuated by a factor of 
10 is sufficient for determination of cholesterol and 
other oxidized sterol products. 

Sterol analysis of lipid/sterol mixtures is con- 
ventionally accomplished by the techniques above, 
preceded by TLC separation. Phospholipid acyl 
chain analysis is also routinely performed by gas 
chromatography after trans-methylation, but usually 
is performed only on samples separated from the 
sterol. This work has established that concurrent 
phospholipid/sterol analysis can be performed 
quantitatively by gas chromatography when the 
trans-methylation procedure is employed. The reac- 
tion procedure for methylating the acyl chains gives 
complete conversion into the required product in 
the presence of the sterol. One difficulty in the 
procedure arises from the extraction steps required to 
isolate the methylate and remove free fatty acids. The 
solvent systems employed are suitable for the extrac- 
tion of unwanted fatty acids and also sterols. The 
extraction step removes most of the sterol present, so 
variable attenuation of the chromatographic signal is 
required, because of the small sample quantities 
routinely used. Sufficiently large signals are readily 

IL- B 
D 

E F 

6 lirl 7 9 

8 

Table 5. Identification of lipid acyl chain methylates sepa- 
rated by capillary gas chromatography, as shown in Fig. 3 

Retention factor Identification 
Product relative to cholesterol (alkene position) 

A 1 .oo 16:0 

: 
1.33 18:2 
1.37 18:l 

D 1.46 18:O 
E 1.85 20:4 
F 2.70 2216 

achieved for the methylation products, but the max- 
imum sensitivity of the flame-ionization detector is 
required for detection of the minute amounts of 
sterol. A typical chromatogram is shown in Fig. 3, 
and is similar to that shown in Fig. 2 for analysis of 
the unmodified sample obtained by initial TLC ex- 
traction. The methyl esters identified in Table 5 are 
much more volatile than the sterols, so temperature 
programming is valuable for increased efficiency. The 
operating conditions shown for Fig. 3 are readily and 
reproducibly achieved. 

One critical area of concern is the accuracy of the 
combined phospholipid/sterol analysis compared to 
that of the conventional methods requiring TLC 
preseparation. Extensive study of in -situ oxidation 
has established that the best results are obtained only 
with carefully controlled oxygen-free separations and 
reactions. TLC separations for rigorously quan- 
titative lipid or sterol determinations are performed 
in developing tanks which are nitrogen-purged and 
with solvents that are degassed and contain about 
0.05% BHT.” Our results indicate that such protec- 
tive measures are generally unnecessary if relative 
errors of 5-10% can be tolerated. Similar protective 
measures have been employed in the trans- 
methylation procedure and have proven successful in 
eliminating oxidation, though the BHT does tend to 
complicate the gas chromatographic analysis since it 
has a retention value close to that of the C22: 6 
methyl ester. The capability for performing complete 
trans-methylation at room temperature should also 
be noted, since it is of considerable advantage in view 
of the lability of the compounds of interest. 

Even though identical total quantitative evaluation 
of the parent cholesterol is obtained, one area in the 
chromatograms shown in Figs. 2 and 3 does differ 
significantly. It involves the multiplet of oxidized- 
sterol signals which appear before the cholesterol 
peak and are produced by the 7-dial and epoxy 
species, and also some pyrolysis decomposition prod- 
ucts. Since the peak distributions and areas for the 
two methods of analysis differ even when controlled 
conditions which prevent oxidation are used, the 

I I I I 
0 IO 20 30 & effect must be due to differences between the gas- 

TIME (minutes) phase pyrolysis patterns or between the extraction 

Fig. 3. Capillary gas chromatogram of a mixture of phos- procedures. The invariability of results with change in 

phatidyl choline, cholesterol and autoxidation products the solvents used for extraction indicates that the 
after methylation. Column and conditions as for Fig. 2. effect is not related to a difference in selective solu- 
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bility in the extraction steps. Table 4 gives the relative 
retention indices of the compounds responsible for 
the envelope of peaks. One of these oxidized sterol 
products is the reactive epoxy compound, which is 
expected to be sensitive to variations in procedure. 
Further analysis (by use of clean standards) of all the 
chromatogram peaks associated with the epoxy com- 
pound itself, indicates that the methylation procedure 
tends to induce conversion of the epoxy compound 
into products which are chromatographically identi- 
cal to the 7-diol compound and its associated decom- 
position envelope. Proper determination of each of 
these individual species would be difficult, and the 
results are best expressed as sums of the combined 
7-diol and epoxy signals, when the unmodified sterols 
are analysed by gas chromatography. Since the re- 
gion located before the cholesterol signal is not 
usually well defined with respect to identifiable com- 
pounds and is associated with the pyrolysis products, 
the differences between the results of the two tech- 
niques are not critical provided they are reproducible 
and the remaining well-defined portions of the chro- 
matograms are not significantly affected. 

Rapid and quantitative analysis of concurrent 
lipid/sterol chemistry is vitally important in the un- 
derstanding of the physical properties of bilayer lipid 
membranes (BLM), which are formed from mixtures 
of these compounds. Significant changes in BLM 
electrochemistry occur as oxidation progresses, 
reflecting changes in chemical and electrical-potential 
energy barriers in the membrane. Applications of the 
techniques described in this work will allow assess- 
ment of the influence of oxidization products and will 
be presented in a future article. 
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Summary-Procedures for determination of selenium in mine samples are reviewed. Basic problems 
encountered in sampling and sample-treatment are discussed. Concentration levels and speciation of the 
element are summarized. 

Since the discovery that selenium is an essential 
element’ and plays a role in glutathione peroxidase 
activity’ there has been increased interest in this 
element. Earlier it was its toxicity that was of 
interest3-s and this must still be remembered.“iO Cur- 
rent interest in the element stems mainly from the 
following four observations. 

First, selenium has been reported to inhibit car- 
cinogenesis by chemical agents such as aminoazo 
compounds, polycyclic aromatic hydrocarbons, 
nitrosamines, etc.,‘.“-** and this has been extensively 
reviewed.2*29 Variations in dietary selenium intake 
have been suggested as an explanation for differences 
in the incidence, of cancers in various human popu- 
lations.3h32 

Secondly, selenium may play an important role in 
the prevention of cardiovascular diseases and myo- 
cardial infarction: selenium is reported to be im- 
portant in experimentally induced heart diseases in 
animals;3s35 inverse epidemiological relationships 
have been observed between human heart disease and 
environmental or blood selenium;3U4’ Keshan dis- 
ease,42-46 a cardiomyopathy that affects children in 
certain areas of the People’s Republic of China, is 
reported as virtually eliminated in the population 
groups at risk, after a large-scale intervention with 
selenium supplements. 

A third effect of selenium in different organisms is 
its reported antagonistic action towards various toxic 
metals,47 such as arsenic,48 cadmium,4ss6 copper,57 
lead,58*59 inorganic mercury”73 or methylmercury 
compounds,74-8’ silver,” tellurium,58 tins8 and zinc.‘* 
Magos and Webb have published an excellent 
review” on this topic. 

Finally, for several conditions in patients receiving 
parenteral alimentation, selenium deficiency has been 
claimed to have played a role,82-92 and alcoholic 

*Present address: Provincial Hoger Techniseh Instituut 
voor Seheikunde, Kronenburgstraat, 47, B-2000 
Antwerp, Belgium. 

cardiomyopathy to be aggravated or accelerated by 
the concomittant occurrence of selenium deficiency.93 

These literature data indicate that there is a range 
of selenium intake that is consistent with health, and 
outside this range deficiency or toxicity effects can 
occur. Since it is the element with the narrowest 
difference between the two levels, reliable methods 
are needed to check the selenium status of man and 
to monitor the occupational exposure to this element 
by measuring its concentration in body fluids. Serum, 
plasma or whole blood are usually taken as samples 
for measurement, although several authors8’ claim 
the glutathione peroxidase activity as being the best 
parameter. 

For trace element levels in man, blood and hair are 
normally taken as indicator samples,% but for sele- 
nium hair has to be omitted since selenium is added 
to certain shampoos as an antidandruff agent and 
may be adsorbed on the hair, which would vitiate the 
analysis. 95-97 In cases of intoxication or to provide 
information on the balance between intake and out- 
put, the selenium level in the urine is taken as an 
indicator, since the kidney is an important feature in 
body homeostasis. 98 Moreover, urine specimens are 
readily available and easy to sample. 

In this paper the sampling, sample treatment, 
determination procedures and concentration levels of 
selenium in urine are reviewed and the scarce data on 
selenium species in urine are discussed. 

SAMPLING AND STORAGE 

As with most analyses for urine components, the 
selenium determination must be done on the urine 
collected during a 24-hr period. One reason for this 
is that many constituents exhibit diurnal variation, 
with variable peak excretions as a result of variation 
in drinking patterns. 

At the beginning of the collection period (usually 
when the patient awakens) the bladder should be 
emptied, that specimen being discarded, and the time 
noted. All urine specimens passed during the next 24 
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hr are collected in an appropriate container. Usually 
precleaned polyethylene or polypropylene bottles are 
used, to prevent contamination or adsorption losses. 
At the end of the collection period the bladder is 
emptied, this specimen being added to those already 
collected. Transfer of the urine from the body into the 
vessel can introduce contamination from clothes and 
skin, but for selenium this may be not as critical as 
for other elements. g9 Determination of total cre- 
atinine excretion in the 24hr period may be used as 
a guide to the adequacy of the collection. This is 
particularly useful if several 24hr urine specimens are 
collected from the same person, since the 24-hr 
creatinine excretion, largely a function of muscle 
mass, is relatively constant from day to day. Since the 
data are often expressed in pgg/24 hr the total volume 
of urine must be measured to allow comparison of 
selenium contents or daily excretions when various 
units are used. As a preservative, to prevent bacterial 
growth and especially to minimize adsorption losses, 
concentrated hydrochloric acid,““‘*“’ boric acid, nitric 
acid,‘02*‘03 benzoateM or toluene’“*‘05 can be added. 
The bottles must be stored in the refrigerator when 
not actually in use during the collection, and the 
samples must be frozen if the analysis cannot be done 
immediately. Greger and Marcuslo found that the 
concentration of selenium in fresh urine samples and 
in the same samples after 6 months storage in the 
freezer was similar. 

Cornelis et ~1.~ have proved that selenium can be 
enriched in urine sediments, so the bottles must be 
shaken very vigorously after thawing, to homogenize 
the suspension before the sample treatment is begun. 
The precipitate occurring after extended standing of 
the sample or after thawing, contains about 15% of 
the total selenium in the urine, according to Fodor 
and Barnes.“’ 

SAMPLE TREATMENT 

All manipulations should be performed in specially 
designed hoods in dust-free rooms (clean-rooms) to 
minimize introduction of contamination. All vessels 
etc. used should be cleaned by extensive washing with 
a succession of reagents and finally with doubly 
distilled water; all reagents and solvents must be of 
ultrapure quality. 

Treatment of the urine samples depends on the 
method of analysis. Except for neutron-activation 
analysis, where simple lyophilization of a few ml 
of urine can be applied,g9 the whole sample must 
be brought into solution and all the selenium con- 
verted into the quadrivalent state. Wet oxidation 
is of particular interest for this purpose, most com- 
monly with nitric acid-sulphuric acid,‘02,‘05 nitric 
acid-hydrogen peroxide,“* nitric acid-perchloric 
acid ‘09-“’ or a suitable combination thereof.“* Satis- 
factory use of these mixtures depends on satisfying 
two potentially troublesome demands: complete con- 
version of the native forms of selenium into selenite 

or selenate, and prevention of significant loss of 
selenium during the oxidation. 

Several investigators have shown that loss of sele- 
mum in open wet oxidation systems can be prevented 
if charring of samples is avoided,‘0g*“2*“3 but this may 
be difficult when sulphuric acid is a component of the 
mixture. Sometimes mercuric oxide is added to pre- 
vent volatilization losses. “4*“5 Unless both require- 
ments are met, accurate analysis for urine selenium 
cannot be obtained. For instance, some investigators 
have found that part of the urinary selenium resists 
acid digestion.“&“6 Janghorbani et al.“’ have re- 
cently shown that complete oxidation of rat urine 
requires use of nitric acid-perchloric acid and that 
other mixtures such as nitric acid-hydrogen peroxide 
or nitric acid-sulphuric acid are not suitable. This is 
due, at least in part, to the presence of the tri- 
methylselenonium ion (TMSe+) in the urine,“a’2’ 
which resists oxidation”’ except with nitric 
acid-perchloric acid. The other forms of selenium in 
the urine, as far as been ascertained, do not appear 
to require perchloric acid for their oxidation. 

Janghorbani et al.“’ extensively studied the kinet- 
ics and reproducibility of the TMSe+ conversion, and 
finally recommended adding 5 ml of concentrated 
hydrochloric acid and 20 ml of concentrated nitric 
acid to 25 ml of sample and boiling for about 20 min 
(air condenser) until colourless. Since in most deter- 
mination procedures selenium(IV) is the mandatory 
form, complete conversion of selenate into selenite is 
necessary. This is mostly achieved by boiling the 
wet-ashed sample in 6h4 hydrochloric acid for a 
suitable length of time.““~“2~“7~“8 A similar digestion 
procedure with gradual heating up to 210” has been 
shown to give less than 10% loss of metabolically 
incorporated selenium in rat urine.“’ 

DETERMINATION PROCEDURES 

Spectrophotometry 

This was probably the technique most often used 
in the past, but is not always sensitive enough for the 
determination of selenium in trace amounts and is 
prone to several interferences. Only in two older 
publications is this technique mentioned for the de- 
termination of selenium in urine. Roquebert and 
Truhaut”’ dry-ashed urine in the presence of nitric 
acid and magnesium nitrate but found serious losses 
of the element, whereas Lott et al.,“’ starting with a 
lo-ml urine sample and mineralization with nitric, 
perchloric and sulphuric acids, and forming the 
selenium-diaminonaphthalene complex, found no 
native selenium present; added selenium, however, 
was completely recovered. 

Spectrophotometric methods based on catalytic 
reactions are generally much more sensitive than 
those based on stoichiometric reactions. Most cata- 
lytic methods involve oxidation-reduction reactions 
in which the catalyst, usually a multivalent ion, 
changes its oxidation state. 
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Feigl and West’*’ proposed a very sensitive quali- 
tative test for selenium, based on its catalysis of the 
reduction of Methylene Blue by sodium sulphide, and 
regarded the catalyst as being elemental selenium. 
West and Ramakrishna’** later used selenite for 
calibration. De Moorn3 clearly demonstrated that the 
decolorization strongly depends on the chemical form 
of the selenium, and since not all the chemical forms 
of selenium metabolites are known and hence are not 
available for calibration, this method cannot be 
recommended for urine analysis. 

Fluorimetry 

3,3’-Diaminobenzidine (DAB) is used as a sensitive 
fluorimetric reagent for selenium, since the piaz- 
selenol formed with selenium(IV) shows strong 
fluorescence. 2,3_Diaminonaphthalene (DAN) is even 
more frequently used for the same purpose, since it 
gives greater sensitivity and better extractability into 
organic solvents from acidic media. Although the 
fluorimetric method is sensitive, it is lengthy and 
pH-dependent, and the reagent solutions must gener- 
ally be prepared daily. Strong oxidizing or reducing 
agents must be absent, and the addition of masking 
agents”’ or EDTA’*’ is necessary. Nevertheless the 
method is frequently used for selenium determination 
in many materials, including urine. All the pro- 
cedures include a digestion step, followed by a reduc- 
tion to bring all selenium into the quadrivalent form, 
a complexation and extraction step, and flnally the 
spectrophotometric measurement with excitation 
at 360 nm and emission measured at 520 nm. 
Watkinson’s method ‘09 for analysis of biological 
material is often used for urine samples. 

Nitric-perchloric acid mixture is mostly used for 
the digestion step, DAN as the fluorimetric reagent, 
and cyclohexane for the extraction. Reduction with 
hydrochloric acid under defined conditions is used to 
bring all the selenium into the selenite form. If the 
Schiiniger flask combustion is used, no reduction step 
is necessary, as proved by Taussky et ~1.‘~~ Chen et 
a1.‘27 omitted the reduction step in their single-tube 
process for selenium determination, but hence risked 
obtaining low results for hair, serum and urine 
samples. 

All the methods require only a small amount of 
sample (0.4-4 ml) and the precision is mostly better 
than 7%. The detection limit can be as low as 0.4 
ng/ml. ‘25 

Atomic-absorption spectrometry methods (AAS) 

The use of AAS has increased during the last two 
decades and now covers a large fraction of selenium 
determinations. Robberecht and Van Grieken’** have 
recently reviewed AAS determinations of selenium in 
water samples, and Verlinden et a1.‘29 have reviewed 
the AAS-procedure for determination of selenium in 
various materials, including biological samples. 

Flame AAS (FAAS). This technique in its con- 
ventional form is not sensitive enough for direct 

determination of selenium in urine samples. Back- 
ground absorption at 196 nm, interfering cations and 
anions, and severe scattering in the 180-220 nm 
region by inorganic salts, which are highly concen- 
trated in urine, make digestion and separation of 
selenium from the urine matrix necessary. 

Urine samples are wet-ashed, either with a mixture 
of nitric, perchloric and sulphuric acids’14 or a 
nitric-perchloric acid mixture.‘30p’3’ Generation of 
hydrogen selenide by reduction with sodium tetra- 
hydroborate in acid medium is used in nearly all 
methods for the separation of selenium from the 
matrix. Previous conversion of all selenium into 
selenite is then necessary, and usually obtained by 
boiling with hydrochloric acid. 

Electrothermal AAS (ETAAS). This technique is 
especially suitable for direct analysis because of its 
high sensitivity (detection limit 90 pg of selenium), 
but it is not simple, nor free from interferences or 
volatilization losses. Pyrolytic coating of the graphite 
furnace or addition of various metal salts, such as 
those of nicke1,“4*‘32-‘35 molybdenumi3* or silver”* has 
been shown to diminish the chemical interferences in 
urine analysis, allow use of higher temperatures 
without losses of selenium, and result in a 
significantly enhanced sensitivity. A heated silica 
ce119J3”‘38 can be used instead of a graphite 
furnace’3s’35 for the atomization. 

After acid decomposition of the sample, selenium 
can be preconcentrated by the generation of hydro- 
gen selenide, complexation with aromatic o-diamines 
and extraction into toluene’33 or complexation 
with dithizone and extraction into carbon tetra- 
chloride.‘“‘35 Boiling with hydrochloric acid’33,‘36*‘37 
or hydroxylamine hydrochloride’34*‘35~‘38 is necessary 
to reduce selenate to selenite, which is essential for 
the following complexation or hydride-generation 
step. 

Procedures for speciation of selenium in urine 
are scarce. The only procedure for trimethyl- 
selenonium ion (TMSe+), “free state selenium-ion” 
(presumably selenite + selenate) and total selenium 
in human urine, is the graphite-furnace AAS method 
of Oyamada and Ishizaki, ‘)4~‘35 based on a procedure 
established by Ishizaki. 139 The TMSe+ was separated 
on a Dowex 50 W-8X ion-exchange column. Nickel 
nitrate was used as matrix modifier in the ETAAS 
analysis, and the detection limit for TMSe+ was 1 

pgll. 
Atomic-emission spectroscopy. The use of an 

inductively-coupled plasma (ICP) as an excitation 
source in optical atomic-emission spectroscopy 
(AES) for single and multielement inorganic trace 
analysis is becoming widespread. The recent avail- 
ability of commercial instruments has stimulated its 
use for the determination of metals and metalloids in 
diverse environmental materials, ranging from air- 
borne particulates and fly-ash to industrial effluents 
and waste waters. The capabilities and limitations of 
ICP-AES in water pollution analysis have been re- 
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viewed by Barnes.la Robbins and Caruso’4’ have 
summarized the development of hydride-generation 
methods for atomic spectroscopic analysis, including 
ICP-AES, and Thompson et ~1.‘~~ have described the 
possibility of simultaneous determination of trace 
concentrations of arsenic, antimony, bismuth, sele- 
nium and tellurium in aqueous solutions, by hydride- 
generation and ICP-AES. Unfortunately, the tech- 
nique has a number of disadvantages. One of the 
most serious (in urine analysis) is that the power of 
detection for hydride-forming elements is insufficient 
for direct determination of ultratrace concentrations 
of these metals in many biological materials, even 
under optimized conditions. For the determination of 
such trace elements in urine by ICP-AES, Barnes 
and Genna14’ used preconcentration with a poly- 
(dithiocarbamate) chelating resin. Fodor and 
BarneslO’ reported the use of complexation of Se, As, 
Fe, Bi, Sb and Sn by poly(dithiocarbamate) resin in 
the determination of these elements with a combined 
hydride-ICP-AES technique and application of this 
approach for distinguishing the oxidation states of Se 
and Te in urine. The detection limit, based on the 
integrated peak-area for a lo-ml sample with a 
tenfold resin preconcentration was as low as 0.04 
pg/l., and recovery at the fig/l. level ranged from 80 
to 108% for both selenate and selenite. 

X-Ray emission analysis 

As with most other techniques, it is impossible to 
determine selenium directly by X-ray emission meth- 
ods at the concentration levels in urine samples: the 
detection limits are around 200 pg/l., for elements 
such as selenium,‘44 with secondary target energy- 
dispersive X-ray fluorescence analysis or X-ray emis- 
sion spectrometry (XES). 

A single evaporation enrichment step is not very 
helpful: even under optimized conditions, spotting on 
a cellulose filter paper and drying results in a de- 
tection limit of 30 pg/l. and the risk of selenium losses 
is severe.‘45 For highly saline samples, such as urine 
and brine, heterogeneity problems make accurate 
analysis improbable. 

Clearly, there is a need for chemical precon- 
centration techniques to boost the sensitivity of X-ray 
emission analysis sufficiently for application to urine. 
Vos et al.‘46 tried using chelating DEN-filters’47,‘48 for 
multi-element analysis of urine, but abandoned this 
approach because nitrogen compounds in the urine 
interfered in the complexation step. They therefore 
adapted and extended the method proposed by 
Nielson and Kalkwarf, ‘49 but did not obtain 
quantitative recovery. 

Several authors’5”‘52 have adapted the small- 
sample X-ray fluorescence system of Alfrey et aZ.,ls3 
in which the sample is lyophilized, oven-dried and 
ashed at 450”, after which 250 pg of the ash are used 
for target preparation. Alfrey et al.‘53 did not give any 
values for selenium, but Tsongas and Ferguson”’ 
claimed to determine selenium down to the 1 pg/l. 

level. Holynska and Lipinska-Kalita’” used an acid 
decomposition followed by selective reduction of 
selenium compounds with a mixture of stannous 
chloride and hydroxylamine and co-precipitation 
with tellurium, and finally XES determination.ls6 
With a 250-ml sample they were able to detect 
selenium at the pg/l. level. However, if the solution 
is too acid the precipitation with tellurium can be 
incomplete,‘54 so there is a risk of low results. A 
similar preconcentration procedure based on reduc- 
tion of selenite by ascorbic acid was proposed by 
Robberecht and Van Grieken;ls6 activated carbon 
was used as a strong adsorbent and collector for the 
elemental selenium. Their destruction procedure, us- 
ing nitric and perchloric acid and gradual heating to 
210”, was tested on different biological tissues in 
which selenium was metabolically incorporated.“’ 
For urine samples the average recovery was 95% and 
under optimal conditions with a 20-ml urine sample 
a limit of detection of 1 pg/l. could be obtained.ls6 

Neutron-activation analysis (NAA) 

Because of its high sensitivity (l-10 ng of Se) and 
the simple pretreatment of the sample, this technique 
is widely used for determination of selenium, es- 
pecially in biological materials. Thermal neutrons are 
most often used for the activation, giving radioactive 
selenium isotopes by (n, y) reactions. Hence, ““Se 
and ‘%e are predominantly utilized in activation 
analysis of biological material. 77mSe, which gives the 
highest sensitivity thanks to its very short half-life 
(17.5 set), is used only in instrumental neutron- 
activation analysis (INAA). Although this technique 
is well established for biological tissues,15’ hair,‘58 
serum and semen,‘58 it does not seem to have been 
applied to urine, probably because there would be a 
relatively large Compton background from ‘*Cl and 
24Na. Pre-irradiation dialysis against demineralized 
water might partly solve this problem’59 but could 
cause losses of selenium, though these were not noted 
after dialysis of serum samples. 

75Se is used more often because its long half-life 
(120.4 days) allows chemical separation, but long 
activation and cooling times are required. The sample 
material is usually irradiated in a nuclear reactor for 
at least one day with a flux of 10’3-10’5 n.cm-2.sec-‘. 
The activity of the irradiated samples is measured 
with a high-resolution Ge(Li) y-ray detector coupled 
to a multi-channel analyser or sometimes with an 
NaI(T1) detector. 

Multi-element analysis has been done after non- 
destructive analysis of 20-ml urine samples, enclosed 
in quartz vials,‘*‘62 or after lyophilization of lo-ml 
aliquots.99 Extensive separation schemes, based on 
ion-exchange procedures, have been developed by 
Wester et a1.‘63 for multi-element analysis of smaller 
urine aliquots and applied in several balance stud- 
ies. ‘64-‘66 After irradiation and cooling, the sample is 
decomposed with sulphuric acid and hydrogen per- 
oxide, followed by HBr distillation and acid precip- 



Selenium in human urine 501 

itation for the selenium determination. Recoveries of 
80% are obtained.‘” 

Another selective procedure for selenium in urine, 
sensitive down to 0.6 pg/l., was presented by Wein- 
garten et a1.,16’ but it included some critical and 
potentially error-producing preconcentration steps, 
such as evaporation of the urine, addition of sul- 
phuric acid and evaporation to dryness (danger of 
charring), and reduction by ascorbic acid (which is 
only effective if all the selenium is present in the 
quadrivalent form) and the maximum recovery was 
only 81x, which fell to 50% if a digestion time of 45 
min was used. 

Janghorbani et al. ‘08*‘@ have used stable isotopes 
for the study of selenium metabolism in healthy 
adults. The conversion of urinary selenium into sele- 
nium(IV) by wet oxidation with different acid mix- 
tures was checked and proved to be satisfactory only 
with a nitric-perchloric acid mixture and subsequent 
reduction with hydrochloric acid.“’ Ammonium pyr- 
rolidine dithiocarbamate has been used for precipi- 
tation of Se(IV). ‘69 The chemical yield was not quan- 
titative and “Se tracer of high specific activity had to 
be used for correlation. in this way an analytical 
method was developed for the study of selenium 
metabolism in healthy adults, by use of the stable 
isotope 74SeO:-.‘08 

Gas-liquid chromatography (GLC) 

Determination of selenium in urine by GLC is 
based on formation of a volatile piazselenol by 
reaction of selenium(IV) with an aromatic diamine. 
Piazselenols can readily be extracted from water and 
injected into a gas chromatograph, and are usually 
detected with an electron-capture detector, which 
gives the highest sensitivity and selectivity for such 
compounds. 

Young and Christian’03 digested 10 ml of urine 
with a mixture of nitric, sulphuric and perchloric 
acids, with molybdate as catalyst, and used DAN as 
complexing agent without a prior reduction step, and 
then extraction into hexane. Down to 0.5 ng of 
selenium could be determined. A low value was found 
for the only urine sample analysed, probably owing 
to the omission of a reduction step. 

Poole et al.“’ used a similar detection technique 
after sample decomposition with a mixture of nitric 
acid and magnesium nitrate. 5-Nitropiazselenol was 
formed after conversion of all selenium into selenite 
by boiling with hydrochloric acid. The complex was 
extracted into toluene. 

Cappon and Smith”’ produced a scheme of analy- 
sis for specific forms of selenium in biological 
materials, including human urine. The method was 
based on selective reaction of selenium(IV) with 
4-nitro-o-phenylenediamine to form the S-nitro- 
piazselenol, which was extracted into benzene and 
measured by GLC (with electron-capture detection). 
For organoselenium plus selenium(IV) the sample 
was digested with concentrated nitric acid. Total 

selenium was determined by applying the same di- 
gestion procedure and boiling the resulting solution 
with hydrochloric acid. The difference between the 
last two values obtained represented the selenium(V1) 
content. The selenium recovery ranged from 75 to 
90% and was assessed by using a “Se-labelled tracer 
(Na,Se03) for a liquid scintillation spectrometric 
assay. The method permitted detection of selenium 
down to 1 pg/l., with a mean deviation of 2.3%. The 
limitations of this method will be discussed in the 
section on speciation, below. 

Reamer and Veillon’72 have shown that selenium in 
biological materials can be determined by stable 
isotope dilution and GLC-mass spectrometry. Urine 
samples were digested with nitric acid, phosphoric 
acid and hydrogen peroxide, then 5-nitropiazselenol 
was formed and extracted into toluene for gas- 
chromatography-mass spectrometric analysis after 
spiking of the samples with enriched ‘*Se. The iso- 
topic ratio of *‘Se to 82Se was measured by dual ion 
monitoring and made it possible to determine sele- 
mum at the pg/l. level. Human urine samples, spiked 
with 75Se, showed a recovery of 86% 

Electrochemical methodr 

Faulkner et a1.‘02 tried polarography over a concen- 
tration range of OS-14 mg/l., which is far too high to 
be useful for urine analysis. The same applies to the 
complicated procedure developed by Patriarche’73 
which used a coulometric back-titration and had a 
detection limit of 100 yg/l. 

Titiimetric method 

Glover’u digested 300 ml of urine with a 
sulphuric-nitric acid mixture, plus mercuric oxide to 
prevent escape of volatile selenium compounds. Dii- 
tillation with hydrobromic acid-bromine solution 
separated the selenium as the tetrabromide, which 
was reduced with sulphur dioxide to the elemental 
form; this was filtered off, dissolved and converted 
into selenite, and determined by titration with iodine 
and thiosulphate. The method was judged accurate 
down to a selenium level of 20 pg/l. of selenium. 

CHEMICAL SPECIES OF SELENIUM 
IN URINE 

Knowledge of the different selenium species 
present in urine is important, because it can give 
definite indications about the biochemical conversion 
of the element and the detoxification mechanisms, 
and also about the selenium status.‘74 Nearly all 
information on selenium species in urine refers to rats 
and mice; studies on selenium metabolites in human 
urine are very scarce and prone to several inconsis- 
tencies. 

Excretion in the breath’7~‘*3 and urine’74*‘77~‘80*‘*‘~ 
and through the gastrointestinal tract’@ has been 
found to account for most of the elimination of toxic 
doses of selenium compounds. Trimethylselenonium 
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ion (TMSe+), a detoxification metabolite of selenium, 
that is excreted in the urine, was first isolated and 
identified in rat urine.‘8”‘86 It was found to be only 
about a tenth as toxic as inorganic and other organic 
selenium species. 19’ It was also found that TMSe+ 
itself is inactive and easily and almost completely 
excreted in the urine when fed to selenium-deficient 
animals.19* The stability of this metabolite is further 
demonstrated by the fact that it is not converted into 
selenite by boiling with a mixture of concentrated 
nitric acid and hydrogen peroxide. Since TMSe” is 
excreted in urine at both high and low levels of 
selenium, it is suggested Is5 to be a normal metabolite 
of selenium. 

Nahapetian et al. ‘74 have presented a study on 
urinary selenium metabolites of ‘%e-labelled selenite, 
selenomethionine and selenocystine fed to rats at 
both low and high dose levels. The purpose was to 
assess the significance of TMSe+ in relation to the 
normal homeostasis of body selenium metabolism. 
TMSe+ was the major urinary selenium metabolite 
(57-69x of urinary ‘%e and 1625% of the oral 75Se 
dose) at high levels, and a minor metabolite (10% of 
urinary ‘%e; 34% of oral dose) at low, for all three 
compounds tested. These authors hypothesized that 
when the intake is at requirement level, trace or no 
TMSe+ is excreted in the urine, but it becomes a 
major excretory metabolite when the intake exceeds 
requirement level, probably serving as a means of 
detoxification. They were not able to characterize the 
non-TMSe+ metabolites. Free selenite was not de- 
tected, although selenite bound to sulphur-containing 
amino-acid,‘93*‘” and selenate,‘88*‘85 could not be 
excluded. 

Burk’16 has reported some findings on the major 
urinary metabolites of selenium in man. Urine from 
a young man who had a testicular tumour and was 
given 75Se-labelled selenite, was analysed by two- 
dimensional paper chromatography with phenol/ 
water (73:27 w/w) and butanol/acetic acid/water 
(4: 1: 1 v/v) as solvent systems. The &-values of the 
TMSe+ ion agreed with those of a major 75Se spot for 
the urine sample, and the &-values for the other main 
urinary spot were similar to those for the “U-2” 
compound present in rat urine.ls6 The TMSe’ ion 
and the U-2 component accounted for 1421% and 
19-34% of the urinary radioactivity, respectively, and 
the percentages of selenium in these two fractions 
appeared to increase over a lo-hr interval. These 
results strongly suggest that the major selenium me- 
tabolites are similar for rat and man. Palmer and 
Olson”’ have reported that other excretory forms of 
selenium were found in poultry, so other species 
cannot be ruled out for man. 

The type of animal tested is obviously important, 
but the chemical form of selenium used in the meta- 
bolic experiments can also be of major significance, 
as will be discussed (in a complementary review’96). 
For human urine samples, all but three’07~‘37~‘74 of the 
literature reports deal only with the total selenium 

content. Cappon and Smith”’ reported a scheme for 
the determination of organoselenium and selenite, 
total selenium and selenate, but it was prone to some 
failures, mainly because the nitric acid oxidation of 
the organic material could disturb the equilibrium of 
the naturally existing species. Selenium species found 
after the acid treatment are not necessarily present in 
the same form before the treatment. These in- 
vestigators also checked their procedure by tracer 
work with only one selenium species, Na$eO,. 

No details of the organoselenium forms were 
presented. Oyamada and Ishizaki’34 were able to give 
more valid data for the different selenium metabo- 
lites. No “free state” selenium (oxidation state not 
specified) was detected in human urine, collected 
before luncheon, whereas TMSe+ constituted 
10-47x of the total selenium content. Fodor and 
BarneslO’ have been able to separate selenate and 
selenite from urine samples by using different pH- 
values for complexation by a poly(dithiocarbamate) 
resin, For the urine of 11 healthy persons the selenite 
content (8.6 pg/l.) was on average about three times 
the selenate concentration (3.1 pg/l.). About 15% of 
the total selenium occurred in the precipitate re- 
sulting after extended standing of the sample or after 
thawing of the frozen urine. For patients receiving 
total parenteral nutrition both selenite and selenate 
concentrations were below the 0.1~pg/l. limit of de- 
tection. Hence, in this case all the selenium appar- 
ently occurred exclusively in the sample precipitate. 
Two criticisms can be made of the speciation pro- 
cedure: no information concerning organoselenium 
compounds was obtained, and the addition of 50 ml 
of concentrated hydrochloric acid per litre of urine, 
could have resulted in a definite redistribution of the 
original species equilibrium. 

CONCENTRATION LEVELS 

Literature values for the concentration level of 
total selenium in urine samples taken from healthy 
persons are listed in Table 1, along with method of 
analysis, number of persons tested and other specific 
characteristics, when mentioned in the studies. Most 
of the concentrations are simply expressed as pg/l., 
but as the selenium concentration is a function of the 
volume excreted, and subject to climate, fluid intake 
and transpiration, it is felt that a more reliable basis 
for comparison may be given by the total urinary 
selenium excreted in 24 hr. Hojo19* considers it ad- 
vantageous to express the concentration in pg of Se 
per g of creatinine excreted, claiming this unit is less 
susceptible to variation in conditions, and on this 
basis used individual urine samples instead of 24-hr 
samples in the estimation of urinary selenium levels. 
Relative selenium concentrations are not especially 
useful for comparison, and readers are probably best 
advised to consult the original articles and assess their 
validity themselves. The selenium content reported 
for urine samples varies widely (Table 1) but the 
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mean amounts of selenium in 24-hr samples are 
generally below the 30-pg level, except where there is 
exposure to high environmental selenium levels, 
which is probably the most important cause of an 
enhanced urinary excretion level. Likewise, the 
suggested14’ maximum allowable concentration of 
100 pg/l. is generally not exceeded. 

No significant sex-related differences in selenium 
excretion have been found by some authors,99,‘25,‘34,‘37 
but others’5’,204,205 have found definitely lower excre- 
tion figures for females than for males, whether the 
concentration is expressed as pg/l. or pgg/24 hr. 

Although no extended studies have been made on 
selenium excretion as a function of age, preliminary 
results for Belgium indicate that the urinary concen- 
tration level is lower for older people than young 
adults,“’ perhaps because of lower intakes and/or 
increased diuresis. 

Selenium figures for urine samples from popu- 
lations exposed to industrial selenium or an environ- 
ment with a highly seleniferous soil were published 
more than forty years ago, 209-2” but the techniques of 
analysis were certainly not sensitive enough, and 
hence these data have to be treated with reserve. 

Table 2 summarizes some selenium concentration 
levels for urine from patients with pathological condi- 
tions, together with comparison values for healthy 
volunteers, some of whom were exposed to various 
occupational hazards. 

The selenium content shows much the same pattern 
for both the patients and the healthy volunteers, and 
although Hojo’ reported that cancer and epilepsy 
patients showed significantly lower selenium levels 
than those for any other group examined, the results 
quoted in Table 2 seem to indicate a skew distribu- 
tion. Factory workers exposed to heavy metals were 
found to have significantly higher urinary selenium 
levels than other groups. This may partly be due to 
enhanced intake of selenium, which occurs in sub- 
stantial quantity in sulphide minerals, and partly 
because ingested minerals accelerate excretion of 
body selenium as the metal selenides (possibly with- 
out interaction with body fluids). 

Chlorthalidone treatment of hypertensive pa- 
tients in Sweden’68,‘69 was found not to alter the 
urinary selenium excretion. Nine alcoholic subjects 
were reported to show a lower mean daily urinary 
excretion of selenium compared to normal subjects.206 
Urinary selenium excretion appeared to increase 
during hospital treatment and cessation of alcohol 
consumption, which might, of course, simply be a 
consequence of change in intake levels. 

Significant selenium depletion has been reported to 
occur in burn patients and to persist until at least one 
month after injury, as monitored by urinary selenium 
excretion,208 but again the distribution seems skewed. 

In this type of study there is always the question of 
whether a lower or higher selenium excretion is a 
cause or a consequence of a pathological condition. 
Several diseases may seem to be aggravated or allevi- 

ated by changes in selenium status, as has been 
claimed for alcoholic cardiomyopathy,93 but selenium 
is not necessarily the causative agent and care must 
be taken to avoid spurious correlations. It is inter- 
esting, for example, that in an extensive study of a 
seleniferous zone,“’ it was reported that mean sele- 
nium levels of 636 pg per g of creatinine did not pose 
severe health hazards for the children who formed the 
sample populations. 

The relation between selenium intake, the chemical 
form of the element and the daily excretion and 
selenium levels in urine will be discussed in more 
detail in the further review’96 already mentioned, 
which includes more details on the medical aspects 
and clinical implications. 

CONCLUSION 

Fluorimetric analysis is the most commonly ap- 
plied technique for selenium determination in urine 
samples, but whatever technique is used, except non- 
destructive neutron-activation analysis, the pro- 
cedure used for decomposition of the samples has to 
be checked carefully to prevent volatilization losses 
and to obtain complete destruction of TMSe+, a 
major selenium metabolite in urine. 

Information concerning the speciation of selenium 
in urine is scarce and contradictory, and often subject 
to several inconsistencies. Literature data on sele- 
nium levels in urine, which must be checked carefully 
with regard to the units used for expression of results, 
reveal that the maximum allowable concentration 
level of 100 pg/l. is seldom exceeded. The normal 
selenium values for urine are below 30 pg/l. Only in 
some cases of intoxication or exposure to high envi- 
ronmental selenium levels are enhanced urinary ex- 
cretion values obtained. Changes in urinary selenium 
levels in pathological conditions have been reported, 
but whether such changes are associated with the 
cause of the pathological condition is open to 
question. 

The daily excretion level is the best indication of 
selenium content in urine, but several other parame- 
ters must be taken into account in assessing selenium 
status in man. 

Much of the information in the literature is based 
on analysis of very limited numbers of samples, and 
information is not always given about the re- 
producibility and accuracy attained in the research. 
Possible skewness in distributions may pass without 
comment (which is regrettably all too often the case 
in work of this nature) and significance is sometimes 
attached to results for as few as two samples. Much 
more work, with bigger sample populations, seems 
needed before definitive conclusions can be drawn. 
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Table 1. Concentration levels bg/L) of selenium in urine samples, taken from n healthy persons 

Country n Range 

Belgium 69 
40 

Canada 30 
- 

France 92 
Germany (W) 18 

Gr. Britain 5 
Israel 5 
Italy 10 

10 
10 
10 

Japan 3 

8 

21 

5 
5 

Korea 15 
New Guinea 100 

New Zealand 3 
13 

I 
13 

39 

31 

Scotland 

U.S.A. 

16 
11 

1 

21 
22 

21 
17 
16 
66 
21 

5 
6 

1594 
- 

20-l 14 
- 
- 

- 
28 14-338 

81 f 31(144 f 57)* 
131 f 51(174 * 52)* 

(28.7 :8.3)t 
52 + 27 

36.3 + 1.9 
52.9 + 3.9 
(54 * 4)* 
79 k 48 

35 22-203 79 &- 39 

- 
87 

191 

Concentration level 
mean value ( f SD) Sample source Method 

3-79 
5-33 
- 

15-25 
(20-27); 
25-184 

(37-184)* 
29-198 

- 
2.6-47 
12-60 
(9-23)t 
2-11 

(2.3-14): 
(7.2-75); 
(6.742); 

(15.2-30); 
35-61 

(33-36)t 
19-248 

(26-24O)t 
20-113 

(27-l 28)t 
20-140 
27-l 14 

- 

0.9-13.6 
(1.1 * 13.9)* 

(6-20)’ 

(7-19)* 
(10-20); 

- 

- 
- 

4.8-24 
- 
- 

- 

- 
- 

10-231 
(13-265)* 

31 + 61 
13k6 

20 
- 

&* 
96 k 47 

(125 + 76)* 
12k8 

23.5 
(16 + 4.6)t 

5+2 
25 
6.2” 

14* 
12’ 
22* 

47 * 20 
(35 f 1lH 
99 + 28 

(95 + 12)t 
58 f 26 

(60 f 25)t 
- 

64 

6.5 

21*9 
(17 f lo)* 
30 k 8 

(24 k 12)* 
(24 + 8.5)** 

13.5 f 8 
7 
19 

44 f 18 (69 + 25)* 
71 f 44 (96 + 35); 

37 
75 
76 

115* 
(79 + 49)* 

young adults 
old people 
- 
woman (various times) 

man (various times) 

men 

adults (14-17 yr) 
- 

adults 
daily intake: 17 pg/day 

20 pglday 
24 pglday 
31 pglday 

adults 
(single-void samples) 

adults 
(single-void samples) 
women 
men 
fishermen 

young women 
(unrestricted diet) 
(constant diet) 
(fish + kidney 
diet) 

boys (5-15 years) 
-South Otago 
-North Canterbury 

- 

Colorado (non-exposed) 
women 
men 
Colorado 

(seleniferous water) 
women 
men 

children (5-18 years) 
South Dakota 
Ohio (women) 

(men) 
- 
New Mexico (seleniferous 

water sour&) 
New Mexico lseleniferous 

water sour&) 
Oregon (low caries area) 

(high caries area) 
Colorado 

intake: 213 + 11 pg/day 208 

HGAAS 
HGAAS 
ETAAS 
NAA 

NAA 

F 

F 
HGAAS 

GCECD 
NAA 
NAA 
NAA 
NAA 
NAA 
F 

F 

137 
137 
133 
99 

99 

197 

125 
138 

170 
167 
162 
162 
162 
162 
198 

198 

F 

ETAAS 

GCECD 

199 

134 
134 
171 
200 

F 
F 

201 
202 

202 
202 

F 
104 
104 

ICP-AES 
GCECD 
ETAAS 
XRF 

87 
107 
103 
136 

151 
151 

XRF 

F 
F 
F 
F 
F 
F 
HGAAS 

151 
151 
203 
127 
204 
205 
205 
206 
131 

HGAAS 130 

- 207 
- 207 
XRF 150 

Ref. 
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Country 
Concentration level 

n Range mean value ( f SD) Sample source Method Ref. 

Venezuela 1055 - 152 (207)t children (516 years) F 100 
3900 highest individual level F 100 

111 - 224’r children (Caracas) F 101 
50 - 636t (seleniferous area) F 101 

*&24 hr. 
tpg/g of creatinine. 
ETAAS: electrothermal atomic-absorption spectrometry. 
F: fluorimetry. 
GCECD: gas chromatography with electron-capture detection. 
HGAAS: hydride-generation atomic-absorption spectrometry. 
ICP-AES: inductively coupled plasma atomic-emission spectroscopy. 
NAA: neutron-activation analysis. 
XRF: X-ray fluorescence spectrometry. 

Table 2. Concentration levels @g/Z.) of selenium in urine samples in pathological and normal conditions 

Concentration 

Country n range mean value + SD Sample source Method Ref. 

Japan 23 

21 

2 

22 

14 

5 

1 

3 

8 

21 

Scotland 

Sweden 

20 
17 
18 
16 

16 
16 

6 
6 

USA 1 
17 

191 
9 

- 

- 
- 

- 
- 
- 
- 

- 

450 
(16 + 29)’ 
(79 * 49)* 
(30 f 1 l)* 

(54 f 4) 

*pg/24 hr. 
tpg/g creatinine. 
F: fluorimetry. 
NAA: neutron-activation analysis. 

10-66 
(13-66)t 
10-75 

(19-77)t 
29-60 

(98-100)t 
15-170 

(lSC266)t 
56-198 

PJ-283)t 
93-219 

(126365)t 
- 

35-61 
(3%36)t 
1%248 

(26-240)t 
20-l 13 

(27-128)t 
- 
- 
- 
- 

(3-55)* 
(l&69)* 

26 f 14 
(34 z!I 15)t 
36 + 16 

(45 f 18)t 
45+22 

(99 + 1) 
69k49 

(92 f 68)t 
107 + 45 

(146 f 86)t 
166 * 57 

(198 f 98)t 
288 
172** 

47 f 20 
(35 f 1 l)t 
99 + 28 

(95 + 1qt 
58 + 26 

(60 f 25)t 

(18 f 12)t 
(26 rf: 14)t 
(26 f 14)t 
(24 f 8.5)t 

(30 f 14)* 
(36 + 14)* 

(32 f 1 l)* 
(38 f 12); 

cancer patients 

epilepsy patients 

hypertension 

Mn-exposed workers 

Cr-exposed workers 

Cd-exposed workers 

Hg-exposed worker 

healthy adults 

healthy adults 

healthy controls 

F 199 

F 199 

F 199 

F 199 

F 199 

F 199 

F 199 

F 198 

F 198 

F 199 

coeliac disease 
ulcerative colitis 
Crohn’s disease 
reference population 

hypertensive patients 
-before chlorthalidone 

treatment 
-after treatment 
hypertensive patients 
-before chlorthalidone 

treatment 
-after 6 months treatment 

amyothropic lateral sclerosis 
bum patients 
matched controls 
alcoholic subjects 

(47 f 3 years) 
controls 

- 87 
- 87 
- 87 
- 87 

NAA 

NAA 

NAA 

NAA 

165 

165 

168 

- 
- 
F 

F 

168 

8 
208 
208 
206 

206 
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Summary-The sub- and super-equivalence methods of isotope dilution analysis (SSE-IDA) have been 
compared with substoichiometric isotope dilution analysis (Subst-IDA) for the determination of a trace 
amount of antimony by means of a redox reaction. For this comparison, the difference between the 
amount separated and the theoretical value was determined under various conditions. Under conditions 
in which the substoichiometric reaction and separation gave unsatisfactory results, accurate determination 
could still be performed by SSE-IDA. The reason for this is discussed. 

Since substoichiometry’-3 was introduced into isotope 
dilution analysis (IDA), various modifications of this 
method (Subst-IDA)M have been developed because 
of its accuracy, sensitivity and relative freedom from 
interference. Trace amounts of antimony in a metal 
have been determined by use of an oxidation- 
reduction reaction in substoichiometric activation 
analysis (Redox Subst-NAA’and Redox Subst-IDA*). 

Subs&IDA requires that the amounts of reagent 
reacted and product separated must always be con- 
stant. Ideally, more than 99% of the reagent should 
be converted into product, but even if the reagent 
does not react quite so quantitatively, the method can 
still be used provided that the amount separated is 
constant (such cases are not common). 

The “sub- and super-equivalence” method of iso- 
tope dilution analysis (SSE-IDA) was therefore pro- 
posed by Klas et a1.,9 and is applicable under condi- 
tions other than those listed above. Various types of 
SSE-IDA9*‘0 have been thought out, and theoretical 
studies” and applications to the determination of Co, 
vitamin B,r, Se, Tl, Fe and Zn’* have been reported. 
We too have examined this method, applying Redox 
SSE-IDA for the determination of a trace amount of 
antimony.” 

However, no detailed analysis has been made of 
why (in contrast to Subst-IDA) SSE-IDA makes 
accurate determination possible when the basic con- 
ditions are not strictly fulfilled. We have therefore 
examined the degree of reaction under various condi- 
tions and the effect of departure from the required 
conditions, and have determined antimony in the 
presence of an interfering species [As(III)]. 

PRINCIPLE OF THE METHOD 

The principle of SSE-IDA’O is explained below in 
parallel with the experimental procedure. 

Two series of solutions are necessary. In the first, 
each solution contains the same amount of sample 
(x) and the same amount of radioactive isotope (A). 
In the second, each solution contains k times the 
amount of sample and radiosotope used in the first 
series. It is not essential to use replicate analysis for 
the second series, but doing so will give a more 
reliable average value. 

The solutions in the first series are isotopically 
diluted by the addition of regularly increasing 
amounts of carrier (iy, where i = 1,2....), so that their 
specific activities become A/(x + b). No carrier is 
added to the solutions in the second series, so their 
specific activities are all A/x. 

All solutions of both series are brought to the same 
volume and acid concentration by addition of the 
solvent and an appropriate amount of acid. Next, the 
same substoichiometric amount of the reagent which 
is to react with the analyte is added to all the 
solutions in both series. 

After completion of the reaction, the products are 
isolated and the radioactivities (a,, a,,,, ukx) of the 
isolated products (masses m,, rnx+$, mkx) are mea- 
sured. 

As the total activity of the analyte is not changed 
by the separation, the specific activity in the first 
series is defined by 

A/(x + Q) = ~X+i,lm,+i, 

Similarly, for the second series 

A lx = a&r, 

Hence 

(1) 

(2) 

a&r,+, = iylllkxl~~,+iy + %&,+iy (3) 

As the extent of chemical reaction is dependent on 
the concentrations of the reactants, the degree of 
reaction of a fixed substoichiometric amount of re- 
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agent will depend on the concentration of the element 
to be determined. However, for a solution with the 
same total analyte concentration in both series, the 
degree of reaction and separation should also be the 
same, so in principle a solution could be prepared in 
the first series with j increments of carrier such that 

%+i, = mkx (4) 

Under these conditions 

(5) 

From equations (3)-(9, we obtain 

x =jy/(k - 1) (6) 

The quantity x is then obtained graphically as shown 
in Fig. 4, by plotting a,Ja,+, against iy and finding 
the abscissa value (jy) corresponding to &,/a,+& = k 

for any value of k, and applying equation (6). 

If %+iy = mkxT which is the condition required for 
conventional substoichiometry, equation (7) can be 
derived: 

akhX+iy =iy/x + 1 

This is one limiting case of SSE-IDA. 

(7) 

EXPERIMENTAL 

Reagents 

‘25Sb(IIZ) tracer solution. 14~15 ‘*?Sb (100-300 pg, ca. 1 
pCi/lOO 11 in 6M hydrochloric acid) was mixed with 10 ml 
of concentrated hydrochloric acid and refluxed for 30 min 
in order to reduce the antimony. This ‘25Sb(III) tracer 
solution in 6M hydrochloric acid was always prepared just 
before use, for labelling the sample solution. 

Synthetic sample solution. The solution of inactive Sb(II1) 
to be determined was labelled with the ‘25Sb(III) tracer 
solution and was used as the labelled synthetic sample 
solution [Sb(III) + ‘25Sb(III), ca. 10 pg/ml in 6M hydro- 
chloric acid]. It was stored in a brown bottle and kept in the 
dark to avoid self- and photo-oxidation” of the ‘25Sb(III). 

0.f I I I I I I 

12 3 4 5 6 

HCL (Nl 

Fig. 1. Effect of [HCI],, on the amount of Sb(V) separated. 
A, Theoretical line; B, Sb(II1) 8 x lo-* peq; C, Sb(III) + 
As(II1) 8 x lo-* peq + 4 x 10-l peq. Vol, 8.5,4.5, 2.5 and 
1.5 ml for [HCl],, 1, 2, 3 and 5N respectively. K2Cr20, 
3 x lo-* peq, [HC& = 0.8N, Vol,, = 10.5 ml. [HCl],, Vol, 
are the acid concentration and total volume respectively 
after the addition of K,Cr,O,; [HClk, and VOL. are the 
acid concentration and total volume for the extraction stage. 

This solution was stable for at least a week, without change 
in the oxidation state of the antimony. 

Sb(IIZ) carrier solution. Prepared by dissolving reagent 
grade Sb,O, (99.999% pure) in 6M hydrochloric acid, and 
standardized by bromate titration. 

Oxidant. Commercially available 0.1 N potassium dichro- 
mate, suitably diluted. 

Separation reagent. A 0.05M solution of N-benzoyl-N- 
phenylhydroxylamine (BPA) in chloroform was used for 
separation of Sb(III) from Sb(V).16 

Activity measurements 

The activity of ‘25Sb was measured with a scintillation 
counter, NaI(Tl), well-type, to eliminate interference by the 
activity of the daughter nuclide ‘2hTe (ti = 58 days; 35 and 
1lOkeV). 

Procedure 

fst series. Aliquots (0.1 ml) of the synthetic sample solu- 
tion [Sb(III) + ‘25Sb(III), 24.1 rg/ml in 6M hydrochloric 
acid], were placed in seven brown test-tubes equipped with 
ground-in stoppers, and 0, O.l,.... 0.6 ml of carrier solution 
Inon-radioactive Sb(III) solution. 24.1 u e/ml in 6M hvdro- 
chloric acid] were added. Then 1.1, ‘1.5,...0.5 ml of 6M 
hydrochloric acid were added so that all the solutions had 
the same volume and acidity. 

2nd series. Pairs of 0.2, 0.3, 0.4, 0.5 and 0.6 ml portions 
(i.e., k = 2, 3, 4, 5, 6) of the synthetic sample solution were 
placed in test-tubes of the type used ,for the first series. 

All the solutions in both series were adjusted to the same 
volume and acid concentration by addition of 2.0 ml of 
1.8M hydrochloric acid. 

Oxidation and separation. Exactly 0.1 ml of 0.6 x 10m4N 
potassium dichromate was added to each tube, to give a 
total volume of 3.3 ml and acidity of 3.27M. The solutions 
were mixed and then stood for 15-30 min to complete the 
oxidation. The acid concentration was then reducedto 1 .OM 
bv addition of 8.0 ml of O.OOlM hvdrochloric acid, and the 
&reacted antimony was extracted with 3.0 ml of 0.05M 
BPA solution in chloroform. 

The radioactivity of the antimony(V) in each aqueous 
phase was then measured. 

RESULTS AND DISCUSSION 

As stated in the introduction, the amounts of 
reagent and product separated must be strictly con- 
trolled in Subst-IDA, so the concentration ranges of 
the reagents, interfering elements and the species to 
be determined are narrow, and large errors are caused 
by any deviation from the permitted range. In con- 
trast, these limitations do not apply to SSE-IDA. We 
therefore examined the effect of the concentrations of 
the interfering element As(III), of hydrochloric acid 
and the reactant Sb(II1) in order to define a set of the 
conditions under which Subst-IDA would not be 
practicable, but SSE-IDA would. Determination of 
the amount of product (m) is usually difficult, but it 
was possible here because we used a synthetic sample; 
m was calculated by means of the equation for 
Subs&IDA, since the radioactivities before separation 
(A) and after separation (a), the quantity of Sb(II1) 
to be determined (x) and that of non-radioactive 
carrier (iy) added to x, had already been measured. 

Effect of acidity 

The relationship between the amount of Sb(V) 
produced and the acid concentration was examined 
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AsHlIVSblIU) 

Fig. 2. Effect of the molar ratio, As(III)/Sb(III), on the 
amount of Sb(V) separated. 
A, Theoretical line. 

Sb(II1) 
wq 

W$x VoL W;l,, V&x 
ml ml 

B 4 x 10-l 1.0 8.5 0.8 10.5 
C 12 x 10-Z 5.4 1.5 0.8 10.5 
D 8 x 10-Z 5.4 2.0 0.9 11.8 
E 4 x 10-Z 5.4 1.5 0.8 10.5 
K,Cr,O, 3 x lo-* peq. 

under the conditions shown in Fig. 1, by use of the 
procedure above. 

The curves in Fig. 1 show that the amount 
separated decreases with increasing C,,,, and the 
difference from the expected value becomes remark- 
able. This suggests that some of the dichromate may 
react with the hydrochloric acid or that the equi- 
librium constant of the redox reaction between 
Sb(II1) and Kz Cr, 0, becomes smaller with increasing 
acidity. In either case, the amount of Sb(III) oxidized 
would decrease. 

The values near CHcl = 1M are almost equal to the 
theoretical in each case, but the decrease in oxidation 
at higher acidities is larger when arsenic(II1) is also 
present. It is concluded that the dichromate reaction 
with 3-5pg of antimony(II1) is quantitative when 
done at around C,,, = lM, in agreement with pre- 
vious results,’ and the interference of arsenic(II1) is 
negligible at this acidity, but conspicuous at 
C&c, > 2M, suggesting that arsenic(II1) is also ox- 
idized. 

Although the effect of C,,, on the oxidation of 
Sb(II1) can be very large, it can be made practically 
constant if the hydrochloric acid concentration is 
kept the same for all the solutions tested, as shown 
before.13 

Effect of CAdjIIO 

The effect of CAs(,,,) on the oxidation of Sb(II1) was 
examined under the conditions indicated in Fig. 2. 

In 1M hydrochloric acid medium, As(II1) does not 
interfere in the oxidation of Sb(II1) over the range 

k_________________________ ____ 

24 

t 

2.3 

^o 
3 22 

F 

21 

20 

Fig. 3. Effect of amount of Sb(II1) on amount of Sb(V) 
separated. 
K&O, 4 x lo-* peq; [HCl],,= 3.3M; Vol,, =4.4 ml; 

FCll, = 0.7M; Vol, = 19.4 ml. 

tested. However, at high acid concentration, As(II1) 
takes part in the oxidation and its effect becomes 
larger with increasing CAI(,,,) at constant Csb(,,,) and 
C “c,. On the other hand, if CAs(,,,~/Csw,,,~ and C,,, are 
kept constant, its effect becomes smaller with in- 
creasing Csw,,,~. 

Under the conditions shown in Fig. 3, the amount 
of Sb(V) separated increases with increasing Csb(I,,j at 
constant CAs(,,,) and C,,,. This follows from the 
results shown in Fig. 2, and confirms that As(II1) 
interferes by competing with Sb(II1) for oxidation 
with K2 Cr,O, . 

Determination by SSE-IDA under conditions unsuit- 
able for Subst-IDA 

To illustrate the usefulness of SSE-IDA, it was 
tested under conditions unsuitable for the use of 
conventional Subst-IDA. 

I 1 It I I I 

0 Y 2Y IY 4Y 5Y 6V 

iy (=2.41 x i pg, i=l... .,6) 

Fig. 4. An example of the determination of Sb(II1) in the 
presence of an interfering element [As(III)] by Redox SSE- 
IDA: 0.2 ml of [Sb(III)+ 125Sb(III) 12.04 pg(total)+As(III) 
7.49 ad/ml solution in 6M HCl was taken. 
K,Cr,O,; 6 x lo-* peq; [HCl], = 3.3M; Vol,, = 3.3 ml; 

[HCIL, = 0.9M; Vo4, = 11.3 ml. 
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Table 1. Results of determination 
of 2.41 pg of antimony(II1) by 
Redox SSE-IDA (conditions as for 

Fig. 4) 

Found, Error, 
k Pg % 

2 2.32 - 3.7 
3 2.40 - 0.4 
4 2.41 2.5 
5 2.44 1.2 
6 2.41 2.5 

An example of the graphical method for calcu- 
lating the result is shown in Fig. 4, and the values 
obtained by use of various k-values are shown in 
Table 1. Table 2 shows the values calculated by 
means of various equations” for Subst-IDA, from 
the data obtained for each aliquot in the first series 
in this experiment, on the assumption that the 
amounts of Sb(V) separated are equal to the theor- 
etical quantities. As expected, a large error is intro- 
duced in the Subst-IDA results, whereas SSE-IDA 
permits accurate determination within the expected 

Table 3. Radioactivities of the Sb(V) isolated from each 
aliquot (A = 14690 cpm; conditions as for Fig. 4) 

Activities of separated Sb(V) 

Amount of Sb(II1) 
1st series 2nd series 

x + iy, ia a x+iv, cpm a,, cpm 
x = 2.41 

x + y = 4.82 
x + 2y = 7.23 
x + 3y = 9.64 
x + 4y = 12.05 
x + 5y = 14.46 
x + 6y = 16.87 

a,=9291 
a,, ,=5011 
a,,, = 3489 
a,,, = 2726 
a,,, = 2284 
a,,, = 1968 
ax+6Y = 1736 

a, = 10227 
aax = 10508 
a,, = 10672 
a,, = 11337 
a6x = 11632 

SSE-IDA obviously has many advantages over 
Subst-IDA and is a promising method for deter- 
mination of trace amounts of metals in various 
substances. We are now planning to determine metals 
in living bodies by this method. 

Acknowledgement-This work was supported by a Grant-in 
Aid for Scientific Research (No. 57540327) from the Minis- 
try of Education, Science and Culture. 

error limit. 
The amounts separated were measured in order to 

confirm the reason given for the difference between 
36 [------------------------------ 

the two sets of results. The amounts, mi, separated 20- 

under the conditions for Fig. 4, were calculated on 
0 

19- . 
the basis of the radioactivities (Table 3) by use of 0 / 

equation (1) in Table 2. These values are plotted in 
~ 
5 IS- 

Fig. 5 against the total amount of Sb(II1) in each 
aliquot in both series. The curves shows that rnx+& 

’ , 7 /J 
/ l 

increases with increasing x + iy and kx as in Fig. 3, 16- 
and that the strict conditions for Subst-IDA are no 
longer fulfilled. At the same concentrations in both 

,% 15- 
* 1 I I I I I I 

series, x + ly = 2x, . . . x + 5y = 6x, however, the 151 5er,es X x + IV x+2y x+3y x+4y x+-5/ x+sy 

amounts separated are equal over the whole range. 
2nd ser,es 2X 3x 4x 5x 6x 

This result accords with the principle of SSE-IDA Fig. 5. Relationship between the amount of Sb(V) sepa- 

and ensures the accurate determination under condi- 
rated, m, and the total amount of Sb(II1) in each aliquot in 

tions not suitable for Subst-IDA. 
both series. Sb(II1) taken ( = x) = 2.41 pg; iy = 2.41 x i pg, 
i= 1, 2, . . . . . 6. The conditions are the same as for Fig. 4. 

Table 2. Results of determination of 2.41 peg of antimony(II1) by Redox 
Subst-IDA (conditions as for Fig. 4) 

Equation Found, Error, Data usedt 
Subst-IDA ~g X (see Table 3) 

I 
II 

8.29 244 a x+y, A = 14690 cpm, mthmry$ = 3.65 pg 
2.82 17 a,+,, a,, 

III 2.89 20 a x+yr a,+,, a, 
IV 2.81 17 a,+,, a,+,, 
V 3.13 30 a,+,, ax+2yy ax+3yy a, 

*The following equations of Subst-IDA were used. 
Reverse Substoichiometric Isotope Dilution Method 

I One-point method x = (m,,,) (A/a,+,) - y 
II Two-point methodi x = ya,+,/ (a, - a,,,) 

III Graph method’ ax/ax+, = (l/x)iy + 1 
Reverse Substoichiometric Isotope Double Dilution Method 

IV Two-point method]’ x = 0, a - yax+,)l(ax+, - ax+2Y) 
V Graph method20 iy = (m,+(:) (fix+,) - x 

tGnly the values giving the best result for antimony found were used from 
Table 3. 

SmtiW,, = weight of Sb equivalent to dichromate added. 
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Summary-A highly sensitive and selective spectrofluorimetric procedure for the determination of lead 
in the range 0.00345 ppm, based on solvent extraction of the ion-pair formed between the eosinate anion 
and the cationic complex of Pb2 + with 1%crown-6, has been developed. The relative standard deviation 
is 3.7”/, at the 0.1 ppm level. The metal:ligand:counter-ion molecular ratio in the ion-pair extracted is 
1:l: 1, but aggregation of the complex may occur in the organic phase. The system proposed is 
exceptionally selective for extraction of lead in the presence of other cations frequently associated with 
it. The proposed method has been tested in the determination of lead in tap water. The results show good 
agreement with those found by the more common extractive atomic-absorption method using ammonium 
tetramethylenedithiocarbamate. 

Reports have been published on the complexation of 
bivalent cations with synthetic macrocyclic poly- 
ethers, showing that lead(H) forms markedly stable 
complexes with some l&crown-6 polyethers.‘*2 More- 
over, such cationic lead complexes exhibit a high 
degree of extractability into several organic solvents, 
with picrate as counter-ion.‘P The solvent extraction 
of the ion-pair formed by these crown ether com- 
plexes and a suitable highly fluorescent organic anion 
could form the basis for a sensitive fluorimetric 
determination of lead. 

We have already reported the impressive sensitivity 
and selectivity that can be achieved by using this 
principle in the fluorimetric determination of potas- 
sium with 18-crown-6 and e0sin.j Alkali metal ions 
can be similarly determined spectrophotometrically 
by use of a highly coloured counter-ion.6,’ A spectro- 
photometric determination of this type, using the 
cryptand 2.2.2, has recently been published for lead.* 
As far as we know, however, no fluorimetric deter- 
mination of lead has yet been based on macrocyclic 
compounds. In our work on extraction and deter- 
mination of potassium with 18-crown-6 we found 
that all the calorimetric methods for potassium that 
we tested6 were analytically less satisfactory (poorer 
sensitivity and selectivity) than our fluorimetric one.5 
We also found a strong positive interference from 
lead5t6 in agreement with the high values of the 
reported stability of the binary complex of 
18-crown-6 with lead, and its extractability as an 
ion-pair. Subsequent investigation showed that with 
eosinate as counter-ion, the lead/l8-crown-6 complex 
is extractable from alkaline media, whereas the alkali 
metal complexes are extracted only from slightly 
acidic solution.5 As other cations frequently associ- 
ated with lead form only very weak 18-crown-6 
complexes, if any, the method should be highly 
selective for lead. 

We have therefore undertaken a detailed in- 
vestigation on the extraction of Pb(I1) with 
18-crown-6 and eosin into different organic solvents. 
As a result a new fluorimetric determination of lead, 
with high sensitivity and selectivity, is proposed. The 
method has been tested for the determination of lead 
in tap water. 

EXPERIMENTAL 

Apparatus 
Fluorescence intensity measurements were made on a 

Perkin-Elmer MPF-44A spectrofluorimeter; 2-nm band- 
widths were used in both the excitation and emission 
systems. 

Reagents 
All reagents were of analytical grade and redistilled and 

demineralized water was used. 
18-Grown-6 stock solution. An aqueous stock solution 

(3.6 x lO_jM) of the crown ether was diluted as required, 
every day, before use. The 18-crown-6 used was prepared by 
the Pedersen methodY with the second step of the synthesis 
modified as recommended by Gokel and Cram.” The 
product was purified either by recrystallization from petro- 
leum ether or by the Gokel et al. method” of complexation 
with acetonitrile. The latter purification technique proved to 
be the more efficient for eliminating metal traces in the final 
product. The fluorimetric blanks obtained with the 
18-crown-6 thus purified were considerably lower than those 
observed for the commercial 18-crown-6 reagent tested. 

Pb(II) stock solution (IooOppm). Prepared by dissolving 
1.598 g of lead nitrate in water, and diluting to 1 litre, and 
standardized gravimetrically by precipitation of lead sul- 
nhate. All standard lead solutions were freshly prepared by 
dilution of this stock solution. 

Eosin solution 5.4 x IO-% A solution of the disodium 
salt (as received from Merck), prepared daily to avoid 
possible dimerixation of the dye. 

Buffer solution (pH 8.5). Prepared by dissolving 38.14 g of 
sodium tetraborate lo-hydrate in about 800 ml of redistilled 
and demineralized water, adjusting to the required pH with 
1M hydrochloric acid and diluting to 1 litre with water. 

Dichloromethane. Merck “Uvasol” grade for fluorimetry. 
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General procedure Absorption and emission spectra 
Transfer into 50-ml separating funnels known volumes of 

standard lead solution (containing from 0.025 to 2.5 fig of 
lead). To each funnel add 0.5 ml of the l&crown-6 stock 
solution, 1 ml of buffer solution, 0.5 ml of eosin solution, 
and dilute to 5 ml with redistilled and demineralized water 
(final pH 8.5 f 0.1). After mixing, add 5 ml of dichloro- 
methane @reviously equilibrated with lead-free buffered 
aqueous phase) and extract the complex by shaking for 2-5 
min. Allow the phases to separate and measure the 
fluorescence intensity, Zr, of the organic phase at 549 nm 
(excitation wavelength 537 nm). 

Run a reagent blank in the same way and subtract its 
fluorescence from that of the sample. The plot of the 
corrected fluorescence against amount of lead should be a 
straight line passing through the origin. 

Procedure for lead determination in tap water 
Pipette 2 ml of the sample into a 50-ml separating funnel, 

add the l&crown-6 solution and other reagents and con- 
tinue as described for the general procedure. If the water 
sample was acidified for conservation, add enough tetra- 
methylammonium hydroxide solution to neutralize most of 
the acidity before adding the buffer. 

Figure 1 shows the excitation and emission spectra 
of the blank and the complex extracted into dichloro- 
methane from an aqueous medium of pH 8.5. These 
spectra are uncorrected for variations in the emission 
characteristics of the xenon lamp and the response 
characteristics of the photomultiplier. The complete 
excitation spectrum exhibits two maxima: the more 
intense one (at 537 nm) is shown in Fig. 1; the other 
maximum (at 318 nm) is not shown. The emission 
maximum appears at 549 nm. The blank spectra 
observed exhibit the same shape and characteristics, 
indicating unwanted extraction of eosin. To obtain 
the largest difference in fluorescence emission be- 
tween the complex and the blank when extraction is 
done at pH 8.5, the excitation wavelength of 537 nm 
is used, with 2-nm spectral band-pass for both ex- 
citation and emission, to minimize possible first-order 
scatter. 

RESULTS AND DISCUSSION 

Choice of organic solvent 

Toluene, chlorobenzene, isobutyl methyl ketone, 
l,Zdichloroethane, dichloromethane, chloroform 
and carbon tetrachloride were tested as solvents in 
the extraction. The fluorescence intensities, corrected 
for the corresponding blank, for 0.7 pg of lead were 
in the order: dichloromethane > 1,2-dichloroethane 
> chloroform > isobutyl methyl ketone > chloro- 
benzene. No fluorescence was observed when toluene 
or carbon tetrachloride was used. Therefore, 
dichloromethane was selected as the organic solvent. 

(a) 

12 

a 

c 

4 

460 

X (nm) 

560 

Effect of pH 

The influence of pH on the extraction was evalu- 
ated by measuring the fluorescence intensity due to 
0.2 ppm of lead in the test solution, and that of the 
corresponding blanks, over the pH range from 4 to 
11 (adjusted by addition of acetic acid, lithium car- 
bonate, lithium hydroxide or tetramethylammonium 
hydroxide). 

Maximum fluorescence is obtained for extraction 
at pH 8.5 + 0.1, as shown in Fig. 2. Lead is extracted 
at a much higher pH than are alkali metals with this 
system (as shown in Fig. 2, and in our earlier work,j 
potassium extraction is optimal at pH 5.9). Atomic- 
absorption analysis of the two phases shows that in 

12 

8 

e 

4 

( b) 

560 660 

X (nm) 

Fig. 1. Excitation (a) and emission (b) spectra of blank (B) and ion-association lead complex (A); Zr in 
arbitrary units. 
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Fig. 2. Variation of fluorescence intensity with pH. (A) 
Potassium ion-association complex (4 ppm K); (B) lead 
ion-association complex (0.2 ppm Pb); ZF in arbitrary units. 
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Fig. 3. Variation of fluorescence intensity as a function 
of reagent concentration: (A) molar concentration of 
18-crown-6; (B) molar concentration of eosin; Z, in arbitrary 

units. 

the extraction at pH 8.5, all the potassium remains in 
the aqueous phase. This is in accordance with for- 
mation of the doubly charged eosinate anion at 
pH > 5-6.” 

Reagent concentrations 

The influence of the crown ether and eosin concen- 
trations on the fluorescence signal of the extracted 
ion-pair was studied with a fixed amount of lead (1 
pg) and a single extraction step. The results are 
plotted in Fig. 3, which shows that the signal becomes 
constant at a total 18-crown-6 concentration of 
2.0 x 10e4M (for a fixed eosin concentration of 
3.0 x 10e3M), and constant maximum fluorescence 
intensity is observed at eosin concentrations higher 
than 1.4 x 10w4M (with a fixed 1%crown-6 concen- 
tration of 3.6 x 10e4M). 

Rate of extraction and stability of the extract 

A plot of corrected IF vs. shaking-time shows that 
the degree of extraction is constant and reproducible 
after 1 min of shaking. The green fluorescence pro- 
duced in the dichloromethane layer remains constant 
for at least 4 hr. The order of addition of the reagents 

is unimportant, provided that the crown ether is 
added before the pH adjustment. Separation of the 
phases is rather slow, however, as the organic layer 
appears quite cloudy (especially if the room tem- 
perature is low) and, without centrifugation, it takes 
about 30 min to become clear and ready for 
fluorescence measurements. 

The experiments were usually done at 20 + l”, but 
no significant influence of the temperature on the 
fluorescence was noted over the range 20 + 5”. 

Precision and recovery 

The efficiency of the extraction, under the condi- 
tions of the general procedure, was found by deter- 
mining the lead extracted from five independent 
samples and blanks. ICP emission photometry was 
used for the analysis and the recovery of lead in a 
single extraction was found to be 92.6 + 2.6%. 

The recommended procedure was applied to the 
repetitive determination of 0.7 pg of lead during a 
period of several days. Ten determinations produced 
a relative standard deviation of 3.7%. 

Selectivity 

We have studied the effect of several metal ions, 
selected from those capable of forming stable com- 
plexes with 18-crown-6 (i.e., alkali and alkaline-earth 
metals) and those most commonly associated with 
lead (i.e., Hg, Zn, Cd, etc.) and disturbance of many 
of the colorimetric/fluorimetric methods for its deter- 
mination. 

Except for sodium, the maximum amounts tested 
for the alkali and alkaline-earth ions were lOOO-fold 
molar ratio to lead. For the rest of the potential 
interferents a lOO-fold molar ratio was initially tested. 
Ions which were found to interfere at these levels were 
then tested at lower concentrations. An ion was 
considered to interfere when it changed the 
fluorescence intensity for 0.7 pg of lead by more than 
twice the relative standard deviation (i.e., by more 
than +8x). 

The results are shown in Table 1. As can be seen, 
for alkali and alkaline-earth metal cations the ob- 
served degree of interference is in agreement with the 
values of the stability constants of the corresponding 
LM”+ complexes in aqueous solution.‘s’3 Only Sr2+ 
and Ba*+ constitute an exception to the general 
trend: as shown in Table 1 the effect of both metals 
on the lead determination is virtually the same de- 
spite the fact that the stability constants reported (log 
Kksr = 2.72, log KfLBa = 3.87) indicate that the stron- 
tium complex is much the weaker.’ This result is in 
agreement with our previous findings5 for extraction 
at pH 5.9 f 0.1, and with Takeda and Kato’s obser- 
vations for picrate as counter-ion:’ knowledge of the 
stability constant of the LM”+ complex is not enough 
for prediction, even qualitative, of the degree of 
extraction (interference) of metal M, because the 
extractability of the corresponding ion-pair complex 
LM”+A”- sometimes becomes the dominant factor. 



Table 1. Effect of foreign ions (M) on the determination of 
0.7 ne of lead 

Cation 

Li+ 
Na+ 
K+ 
Ck+ 
NH: 
Tl+ 
Ag+ 
Mg2+ 
Ca2+ 
Sr2 + 
Ba*+ 
Ni2+ 
cu2+ 
Zn2 + 
Cd2+ 
HgZf 
car+ 
Mn2+ 
Fe3 + 
Al’+ 
Cr3 + 
Bi3+ 

M:Pb Apparent 
(molar ratio) recovery, % 

1000 103.7 
1000 102.1 
200 101.4 
100 104.7 
100 96.3 
100 104.4 
100 101.1 

1000 102.6 
500 103.7 
50 108.0 
50 107.3 

100 97.3 
100 100.4 
100 106.6 
100 96.7 
100 108.0 
100 98.1 
100 98.5 

5 97.0 
100 98.4 
50 94.1 
50 97.4 

Stoichiometry of the extracted complex 

Job’s method, with fluorescence measurements, was 
used to establish the stoichiometry of the lead com- 
plex extracted in the presence of eosin. The results 
obtained with excess of eosin present are shown in 
Fig. 4, and indicate a 1:l lead-crown ether molar 
ratio. These results agree with those previously 
obtained by Takeda and Kato’ with picrate as 
counter-ion. 

The molar ratio of lead to eosin in the ion-pair was 
initially determined by the “equilibrium-shift” and 
Job methods (Figs 4 and 5). Both methods indicate 
a 1:2 lead-eosin molar ratio, although the Job 
method also indicates the possible presence of a 1:l 
complex. From the dissociation constants of eosin’* 
and the pH used (8.5), only a neutral complex (1: 1: 1 

Curiously enough, Fe3 + , which is not known to 
form complexes with 18-crownd, can be tolerated at 
only a relatively low level. Increasing iron concen- 
tration [even of Fe(II)] inhibits the extraction of lead. 
This effect is attributed to the relatively high working 
pH, which results in the precipitation of iron hydrox- 
ide, the adsorption characteristics of which would 
hinder the formation and extraction of the lead 
complex [relatively high levels of Cr(II1) and Bi(II1) 
also tend to hinder the extraction, probably for a 
similar reason]. Several masking agents were tested as 
a means of keeping the iron in solution, fluoride being 
the most effective [a 25fold molar ratio of iron to 
lead can be tolerated in the presence of l.lM 
N(CH,),F]. In any case, for samples with a high 
content of iron the best choice is to extract the Fe(II1) 
first, at pH 1.5 with a 1:l mixture of acetylacetone 
and chloroform, and finally wash the aqueous layer 
with chloroform.‘4 Analysis for lead in the remaining 
aqueous layer by the recommended procedure has 
demonstrated that iron in up to 400-fold molar ratio 
to lead can be eliminated in this way. 

Fig. 4. Composition of the ion-association complex by Job’s 
method. (A) Pb/eosin; C, = 3.6 x 10W3M; C, + C_,+., = 
6.76 x 10-6M; (B) Pb/L; C,,= 5.4 x 10-3M; C,+ 

C, = 6.76 x 10m6M; Zr in arbitrary units. 

An inspection of Table 1 indicates that most of the 
elements likely to be found associated with lead in 
drinking water do not interfere. The proposed extrac- 
tion would also be very useful for determination of 
lead in biological materials. In fact, the ubiquitous 
element sodium in amounts up to 2 x 10’ times that 
of the lead present had no noticeable effect on the 
lead determination. 

The effect of the common anions fluoride, chloride, 
nitrate and sulphate was negligible, even for amounts 
higher than 5 x lo4 times that of the lead. 

Except for the indirect influence of iron, the 
method proposed is highly selective for lead. 

Fig. 5. Equilibrium-shift method for the Pb/eosin relation- 
ship. C, = 1.35 x 10e6M; C, = 7.2 x 10e4M. Zr = fluor- 
escence intensity of a given mixture, ZF= saturation 
fluorescence intensity with excess of reagent (Z, in arbitrary 

. . \ umrs). 
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Table 2. Actual concentrations of lead and eosin in the 
organic uhase in the extraction of 200 unm of lead 

Fbl, 3 

10-W 
[Eosit?],,, 

10-W [Eosi~2-l,rJPbl, 
6.64 7.59 1.14 
5.40 6.05 1.12 
4.18 4.80 1.14 
3.38 3.81 1.13 
2.62 3.02 1.15 
2.07 2.37 1.15 
1.68 1.89 1.12 
1.34 1.50 1.12 
1.10 1.20 1.09 

1ead:crown:eosin) should be extracted. Therefore, to 
clear up this point, we made measurements of the 
distribution ratio of lead and eosin between the 
organic and aqueous phase at pH 8.5. The lead 
concentrations in both phases were measured by 
atomic-absorption and ICP emission for two series of 
experiments, one with 200 ppm and the other with 50 
ppm of lead. Equilibrium eosin concentrations in 
each case were determined by spectrophotometry at 
516 nm. The results obtained are summarized in Fig. 
6 and Table 2. Figure 6 shows clearly the existence of 
two different situations: apparently a 1: 1: 1 complex is 
extracted at low eosin concentrations, but a 1:1:2 
complex forms at higher eosin concentrations. How- 
ever, determination of the total concentrations of 
lead and eosin actually present in the organic phase 
for every experiment (Table 2) demonstrated that in 
all cases the actual molar ratio of lead to eosin was 
1:l (allowance has to be made, from reagent blanks, 
for extraction of eosin itself, which accounts for the 
values obtained being slightly higher than 1.0). 

The species extracted has a metal:Iigand:counter- 
ion molecular ratio of 1: 1: 1. The observed change in 
slope of the lo@ us. log[eosin] plots at higher eosin 
concentrations can be attributed to aggregation 
processes in the organic phase (cf: Sekine and 
Hasegawa,15 and Miiller and Diamond16). 
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0.0 - 
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0 
-0 -0.5 - 

-1.0 - J 

I 1 I I 

5.5 5.0 4.5 

- log C eosin 1 

Fig. 6. Dependence of the lead distribution ratio on the 
eosin concentration in the aqueous phase. (A) C, = 9.66 
x 10-4M, C, = 9.66 x lo-*M, C,, = 10-4-10-3M; (B) 
&=2.42x lo-‘M, CL=2.00x lo-‘M, Cti=3.15x 

lO-s-2.5O x 10v4A4; 1, in arbitrary units. 

Table 3. Lead determination in tap water 

Extraction-flame Proposed 
method, method, 

Sample l@ll. i%cgll. 
1 (Oviedo) 20 f 0.9 21 + 0.9 
2 (Oviedo) 23 k 0.7 26 + 0.7 
3 (Avlles) 25 f 1.4 28 f 0.9 
4 (Avlles) 24 f 0.3 26 f 2.3 
5 (Gijbn) 19 * 1.0 19 f 0.9 
6 (Meres) 25 + 0.3 23 + 1.0 
7 (La Manjoya) 11 kO.7 13 + 1.0 
8 (Sama) 23 + 1.1 26 f 0.7 
9 (Salinas) 20 f 0.7 24+ 1.2 

10 (Soto de1 Barco) 33 * 0.1 31 f 1.0 

Determination of lead in tap water 

Lead was determined in tap water from the 
Asturias district. The proposed method was tested, 
without any preconcentration step, and the results 
compared with those obtained by the extractive 
atomic-absorption method using a ten-fold precon- 
centration with ammonium tetramethylenedithio- 
carbamate.” 

The results obtained are summarized in Table 3. It 
can be concluded that similar accuracy and precision 
are obtained by both methods. The fluorimetric 
method proposed here, however, is more sensitive 
and would allow the use of much smaller sample 
volumes. 
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Summary-The exchange reaction 2R+HCO, + CO:-$ R+ CO:- + 2HCO:- has been studied on Dowex 2 
1 x 8 in the presence of bicarbonate solution in equilibrium with atmospheric carbon dioxide (open 
system). The experiments showed, as theory predicts, that the composition of the resin phase is 
independent of the concentration of the bicarbonate solution. The mole fraction of carbonate at 
equilibrium is about 0.4 and the equilibrium constant is 0.15M at 20”. With this value of the constant, 
the composition of the ion-exchanger for various bicarbonate concentrations has been calculated for a 
closed system. At [HCO;] < O.OlM a substantial part of the resin is in the carbonate form, whereas for 
[HCO;] > 0.05M the resin is present almost exclusively in bicarbonate form. The exchange constants of 
bromide at trace level have been determined for the bicarbonate and mixed carbonate forms of the 
ion-exchanger. The exchange constant K, xo3 has been determined over the whole composition range and 
the results can be represented by KEfo3 = 0.428 - 0.063x, - 0.115x&, where xc, is the mole fraction of 
chloride in the resin. The constants are used to discuss the conditions for the chromatographic enrichment 
of bromide from fresh water. 

A method for the determination of bromide has 
recently been presented,’ based on oxidation of bro- 
mide to bromate by peroxodisulphate, followed by 
reaction of the bromate with excess of iodide in the 
absence of air, and spectrophotometric measurement 
of the iodine liberated. The sensitivity of the method 
is 2.25 absorbance units (AU) per pmole of bromide, 
or, in terms of the bromide concentration of the 
original sample, 0.0225 AU.l.pmole-‘. For deter- 
mination of low levels of bromide an enrichment of 
the ion is therefore necessary. In the analytical pro- 
cedure developed for the determination of trace 
amounts of bromide in fresh water, this was accom- 
plished by chromatographic enrichment of Dowex 
1 x 8 in chloride form.* The uptake of bromide in the 
presence of the main constituents of fresh water was 
studied and the results of the investigations with 
chloride and sulphate were reported.’ The direct 
influence of the normally predominant anion, bicar- 
bonate, on the enrichment was eliminated in the 
analytical procedure by acidifying the sample. The 
ion-exchange equilibria involving the bicarbonate ion 
have now been investigated and are reported here. 

The equilibrium constant of the reaction 

R+Cl- + HCO;z$R+HCO; + Cl- (l) 

this phase). In similar measurements with bromide 
instead of chloride, we found that when a solution 
containing bicarbonate and bromide was passed 
through a column containing Dowex 1 x 8 in chlo- 
ride form, there was a considerable drop in pH in the 
first portions of the effluent. It was therefore sus- 
pected that the ion-exchanger was partly converted 
into the carbonate form even though the carbonate 
activity is small in bicarbonate solutions. Apparently 
this possibility has not been considered before, and 
our investigation showed that a considerable part of 
the ion-exchanger was present in the carbonate form. 

These findings could be of importance for the 
accuracy of previously determined values of Kg?“. 

Therefore, this constant was redetermined under 
conditions where no carbonate was present in the 
resin phase. Under the same conditions, the constant 
for the reaction 

R+ HCO; + Br-eR+ Br- + HCO; (3) 

was determined at high bicarbonate loadings on the 
resin. This constant is of importance for the uptake 
of bromide from fresh water of high alkalinity. 

has been determined by both the batch3 and the 
column4 technique. The practical constant defined by 

EXPERIMENTAL 

The experiments were done at 20”. 

KEFo, = WC% IR [Cl- I 
[Cl- la tHC0; 1 

Chemicals 

(2) All solutions ‘were prepared by dissolving Merck 
analytical-grade reagents in demineralized distilled water. 

is about 0.3-0.5, depending on the composition of the 
The ion-exchange resin, Dowex 1 x 8 (100-200 mesh, pract., 
s 

resin phase (subscript R denotes concentrations in 
erva Feinbiochemica), was treated before use, as already 

described.* 
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Apparatus 

In the experiments where the column technique was used 
for equilibration, the ion-exchange tube already described* 
was employed. The batch equilibrations were performed in 
250-ml glass-stoppered Erlenmeyer flasks, which were con- 
tinuously shaken for 24 hr. The potentiometric titrations for 
the determination of carbonate and chloride were per- 
formed with the Metrohm Titroprocessor, E636, equipped 
with a Dosimat burette, E635. 

Analysis 

The resin phase was eluted with 2M sodium perchlorate. 
The eluate and the solution in equilibrium with the resin 
were analysed by the following methods. Bromide was 
determined as previously described,2 chloride by a poten- 
tiometric titration with standard silver nitrate, carbonate by 
a potentiometric titration with standard acid to the bicar- 
bonate end-point, and total carbonate by titration with 
standard acid in the usual way. Prior to elution the resin was 
thoroughly drained. The residual liquid causes an error of 
at most 1% in the composition found for the resin. 

Determination of K$O, 

The column technique, with 2 ml of resin, originally in 
chloride form, was utilized. Air was passed through sodium 
bicarbonate solutions of known concentrations until a 
constant pH was reached, before they were passed through 
the column. The air was presaturated with water vapour by 
passing it through wash-bottles containing bicarbonate 
solution of the same concentration as the test solution. The 
attainment of equilibrium in the column was established by 
measurement of the pH of the inflowing and outflowing 
solutions. The resin was then analysed for carbonate and 
total carbonate. 

Determination of K$coJ and Kg3 

The same procedure was used as for the determination of 
K$!$o,. The solution passed through the column also con- 
tained bromide at a concentration of 1 x 10-5M. The resin 
was analysed for bromide, carbonate and total carbonate. 

Determination of K$co, 
The batch technique was used, 200 ml of a solution 

containing known varied amounts of bromide and bicar- 
bonate being shaken with 2 ml of the resin in bicarbonate 
form. All solutions were saturated with carbon dioxide (at 
1 atm pressure) and the equilibration took place in a CO, 
atmosphere. The bicarbonate form of the resin was prepared 
by treating the resin (in chloride form) first with 100 ml of 
0.2M bicarbonate solution, and then with 20 ml of a 
solution having the bicarbonate concentration used in the 
equilibration experiment. The resin was analysed for bicar- 
bonate and bromide. 

Determination of KF,coJ _. 
Essentially the same technique was used as for the 

determination of K%,. . For xn < 0.5 the resin was initiallv . ...“, 
in the bicarbonate form and ?or xo > 0.5 in the chloride 
form. The resin and the equilibrium solution were both 
assayed for chloride and bicarbonate. 

CALCULATIONSANDRESULTS 

The HCO ?-CO :- exchange 

The equilibrium constant of the reaction 

2R+ HCO; + CO:-SR$ CO:- + 2HCO; (4) 

is given by 

Brackets are used to denote activities, charges have 
been left out, and subscript R denotes the resin phase. 
In the following, mole fractions will be used instead 
of activities in the resin phase. The practical equi- 
librium constant written with the use of mole frac- 
tions will be denoted by KR. It is not a true constant. 
The carbonate species also take part in the acid-base 
equilibria 

By combining equations (5)-(7) we obtain 

and 

(8) 

KsKr -=-+{H,CO,} Y 
RI * HCOJ 

In the lirst experiments bicarbonate solutions were 
passed through the ion-exchange column with the 
resin initially in the chloride form. The approach 
towards equilibrium was followed by measurement of 
the pH of the inflowing and outflowing solutions. The 
pH-values varied erratically, however, and constant 
values could not be reached. This can be understood 
by considering the autoprotolysis of the bicarbonate 
ion, ~HCO,SCO:- + H, CO,, in conjunction with 
equation (9). A solution of bicarbonate will generally 
be over- or under-saturated with respect to the partial 
pressure of carbon dioxide in air. Hence the concen- 
tration of carbonic acid in the test solution will vary 
and the exchange equilibrium will shift continuously. 

As a consequence of the experience gained from the 
first series of measurements, air presaturated with 
water vapour was passed through the bicarbonate 
solution until a constant pH was reached. The equi- 
librium COz(g) + H20+H2C03 ensures a well- 
defined and constant carbonic acid activity in the test 
solution (provided there is no large variation in the 
CO2 concentration in the ambient air). From equa- 
tion (9) it follows that the composition of the ion- 
exchange resin should be constant and independent 
of the concentration of the bicarbonate solutions. 
This was verified by our results for the three concen- 
trations used (Table 1). 

The value of KR was calculated from equation (9), 
{H2C03} = 1.28 x lo-‘M, K, = 4.16 x lo-‘M, and 
K2 = 4.20 x lo-‘i&f.’ It was also obtained from 
equation (8) with {HCO; } calculated from 

{HCO;} = ‘I’ 
1 + 2~ KJYz{H) 

(10) 

where C is the total concentration of sodium bicar- 
bonate in the test solution, and y, and y, are the 
activity coefficients of the bicarbonate and carbonate 
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Table 1. Determination of the exchange constant, Ka, of the 
reaction 2R+ HCO; + CO:-eR$ CO:- + 2HCOc on 
Dowex 1 x 8 at 20°C; open system in equilibrium with aerial 
carbon dioxide; xco, is the mole fraction of carbonate in the 

resin 

K,, , mole/l. 

PH xco, Equation (8) Equation (9) 

0.003 8.69 0.402 0.145 0.143 
0.005 8.90 0.407 0.143 0.147 
0.010 9.09 0.390 0.159 0.133 

Mean values: xco, 0.399 f 0.018; Ks 0.146 + 0.014 mole/l. 

ions, calculated in the usual way. The results are 
presented in Table 1. Both methods of calculation 
yield concordant values of KR. The mean values of 
xc,, and KR are 0.399 + 0.018 and 0.146 f O.O14M, 
respectively (16 determinations). The somewhat low 
precision reflects the difficulty of obtaining true equi- 
librium in the system and of determining carbonate 
in the presence of bicarbonate by a conventional 
titration. Our measurements demonstrate that in an 
open system a considerable part of the ion-exchanger 
is in the carbonate form. Reckoned in equivalents, 
the carbonate form will constitute about 60% of the 
exchange capacity. 

No measurements have been performed on a closed 
system i.e., a system where no exchange of carbon 
dioxide with the atmosphere takes place. In practical 
enrichment work, the conditions are expected to be 
somewhere in between those of a closed and an open 
system. Therefore theoretical calculations of the com- 
position of the resin phase have been made for a 
closed system. In these calculations, KR = 0.146M 
and activities for the species in the aqueous phase 
were used. The results are presented in Fig. 1. They 
show that a considerable part of the ion-exchanger 
can be expected to be present in the carbonate form 
at low bicarbonate concentrations. This fraction rap- 
idly diminishes with increasing bicarbonate concen- 

0.50 1 I I I 
-3 -2 -1 0 

Log [ HCO;I, l/V) 

Fig. 1. The calculated mole fraction of bicarbonate, xHcO,, 
in Dowex 1 x 8 as a function of the total bicarbonate 
concentration in the external solution, for a closed system. 

Equilibrium constants given in the text were used. 

TN.. 31,7--D 

tration and for [HCO; ] > 0.05M the ion-exchanger is 
almost entirely in the bicarbonate form. Since the 
normal bicarbonate concentration in fresh water is 
below O.OOSM, our findings suggest that equilibria 
involving also the carbonate form of the ion- 
exchanger will be of importance in the chro- 
matographic enrichment of trace anions from such 
water. 

The HCO ;-CO j--Br -exchange 

The equilibrium constant of reaction (1) is about 
0.4. In a fresh water of standard composition6 the 
ratio ~CO,]/[Cl-] is about 7.5. Hence the ratio 
xHcol/xc, would be about 3 at equilibrium. From the 
results of the previous section we infer that an even 
larger part of the ion-exchanger will be present in 
carbonate forms than indicated by this figure. Thus 
equilibria between carbonate, bicarbonate and bro- 
mide will be of importance for the enrichment of 
bromide from fresh waters.2 The pertinent equi- 
librium constants are defined by 

(11) 

G!& = & {CO3 l/xco, @I2 (12) 
we also have 

KR = (K:co, )2 I@%) (13) 

K%oJ was determined for an open system in equi- 
librium with the partial pressure of carbon dioxide in 
air. Solutions with varying total concentrations of 
bicarbonate between 0.003 and 0.02M in equilibrium 
with air and containing bromide at 1 x 10e5M con- 
centration were passed through ion-exchange col- 
umns until equilibrium was reached. From the anal- 
ysis of the resins and the known compositions of the 
equilibrium solutions, KEco,,, was found to be 
14.4 f 0.8 (n = 12). This constant refers to a resin 
with xcop x 0.4. The mole fraction of bromide is very 
small. From equation (13) K$& is calculated to be 
(1.42 + 0.16) x lo3 I./mole. 

KEo, was also determined in batch experiments 
for a resin with xHCOl = 1, in the presence of an 
atmosphere of pure carbon dioxide. This ensures that 
no carbonate will be present in the resin phase. The 
value of KEco, was found to be 10.1 f 0.2, (n = 5). 

The HCO ;-Cl - exchange 

In previous determinations3s4 of KE’=‘J the possible 
formation of carbonate in the resin phase was not 
considered. The constant was therefore redetermined 
under conditions (see experimental) that precluded 
the formation of carbonate as counter-ion in the 
resin. The value of KE,“’ was found to increase 
steadily from 0.25 at xc, = 1, to 0.43 at x, = 0. The 
same trend was observed by Fekete and Incztdy,4 
who report 0.33 (x, = 1) and 0.52 (xc, = 0). Their 
value of log Kg’@ was linearly dependent on xc,. Our 
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data do not fit this relationship. The equation 

K:F”3 = 0.428 - 0.063x,, - 0.115x;, (14) 

can be used to find KEf”) at intermediate xc,. 
The numerical values of the constant obtained in 

the two investigations agree quite well, which indi- 
cates that the extent of carbonate formation was 
small in the column experiments.4 This agrees with 
our calculations for a closed system (Fig. l), since the 
bicarbonate concentrations in the external solution 
were in the range 0.1-0.015M. 

constants to be 4.2 litres for an open system and 5.8 
litres for a closed system. These values pertain to a 
2-ml resin bed with a capacity of 3.2 meq. The larger 
value for the closed system is due to the increased 
concentration of carbonic acid, which leads to a 
smaller value of xco, and a larger value of xHco, as 
compared to the open system. If the formation of the 
carbonate form of the ion-exchanger is neglected, VR 
becomes 6.5 litres. For an open system the carbonate 
formation thus reduces Vk by about 35%. 

For an ion-exchanger in equilibrium with a solu- 
tion containing bicarbonate and chloride, the follow- 
ing expression for the adjusted retention volume, Va, 
can be derived for the ion A’- at trace levels: 
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Summary-The ion-pair extraction equilibria of the iron(I1) and iron(III) chelates of 
4-(2-pyridylazo)resorcinol (PAR, H,L) are described. The anionic chelates were extracted into chloroform 
with benxyldimethyltetradecylammoni’m’ chloride (QCl) as counter-ion. The extraction constants were 
estimated to be KL.j”’ = [Q{Fell(HL)L}]~[Q+][{Feu(HL)L}-] = lO*~~*““, KS”’ = [Q’{FellLz}],/ 
[Q+]2[{Fe”L2}2-1 = 1,,‘2.‘7i0.10 and Kf$“” = [Q{Fe”‘L2}]~[Q+][{Fe”‘L2}-I = 10”78*0~‘5 at Z = 0.10 and 20”, 
where [ 1, is concentration in the chloroform phase. Aggregation of Q{Fe”&} in chloroform was 
observed and the dimerization constant (& = [Q2{Fe”‘~}~,/[Q{Fe”‘L2}]~) was evaluated as log 
K,, = 4.3 f 0.3 at 20”. The neutral chelates of {Fe**(I-IL),} and {Fe”‘(HL)L}, and the ion-pair of the cationic 
chelate, {Fe”‘(HL),)C10,, were also extracted into chloroform or nitrobenzene. The relationship between 
the forms and extraction properties of the iron and iron@) PAR chelates are discussed in connection 
with those of the nickel(H) and cobalt(II1) complexes. Correlation between the extraction equilibrium data 
and the elution behaviour of some PAR chelates in ion-pair reversed-phase partition chromatography is 
also discussed. 

Spectrophotomettic determination of iron(I1) and 
iron(II1) with 4-(2-pyridyla.zo)resorcinol (PAR, H2L) 
has been proposed,‘-5 but data on the structures and 
acid properties of these chelates do not seem to 
be consistent. For example, Nonova et al. reported 
the formation equilibria of {Fe”(HL)L}- and 
{Fe”‘(HL)L}, but paid no attention to any other 
iron-PAR complexes in solution.4 Russeva et al.’ 
reported the formation of Fe(III)--PAR complexes, 
but did not describe that of the 1:2 Fe: PAR com- 
plexes which are predominant under analytical con- 
ditions, i.e., in the presence of PAR in large excess. 

In our studies on extraction of the PAR chelates of 
some transition metal ions, as ion-pairs with qua- 
ternary ammonium cations,“1° we noticed that the 
extraction behaviour varied markedly, according to 
the nature of the central metal ion.g,‘O Equilibrium 
studies on these extraction systems should yield im- 
portant information about the sometimes puzzling 
nature of PAR chelates, as well as understanding of 
the basis for these extractive calorimetric deter- 
minations.6’3 Such equilibrium data may also serve 
for prediction of the order of elution of PAR chelates 
in ion-pair reversed-phase partition chromatography.‘4 

In this paper, the extraction equilibria of the PAR 
complexes of iron(I1) and iron(II1) with benzyl- 
dimethyltetradecylammonium chloride (BDTACI, 
QCl) are reported and interpreted. 

EXPERIhltiAL 

A Hitachi model 124 double-beam recording spec- 
trophotometer with l-cm glass cells, and a Hitachi-Horiba 
M-5 pH-meter were used. 

Reagents 

Aqueous stock solutions of iron and iron(III) ammo- 
nium sulphate were made from guaranteed reagent grade 
salts, with a few drops of concentrated sulphuric acid added 
to prevent hydrolysis. The solutions of PAR and QCl were 
prepared as previously reported.’ Chloroform and nitro- 
benzene were purified by distillation and saturated with 
water before use. All other reagents used were of analytical 
grade. 

Procedure 

The extraction procedure has already been described.g To 
prevent aerial oxidation of iron(I1) during the extraction, a 
small amount of L-ascorbic acid (enough to give a concen- 
tration of about 10e4M) was added. The metal-PAR ratio 
was found to be 1: 2 by the molar-ratio method, for both 
Fe(U) and Fe(II1). An ionic strength of 0.10 was maintained 
with sodium sulphate unless otherwise stated. The for- 
mation constants, /I2 = [{ FeL,}]/[Fe] [L2-12, for both 
chelates, are so large, 103’,4 and 1034.2 for Fe(R) and Fe(W) 
respectively, ‘s’6 that hydrolysis of the PAR chelates in 
neutral and slightly alkaline solutions was negligible if 
excess of PAR was present and the absorbance was 
measured within 2 hr. The formation of sulphate, chloride 
and ascorbate complexes can also be neglected under the 
conditions used. All studies were made at 20”. 

RESULTS 

The extraction equilibrium scheme is shown in Fig. 
1. In the discussion below, the complexes present in 
the aqueous phase will be indicated by use of braces 
({}), as in the summary. 

Extraction of Fe(ZZ )-PAR chelates 

The absorbance_pH curve (Fig. 2, curve A) for 
aqueous solution shows two distinct changes over the 
pH range 2-10 and the spectral change at higher pH 
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Fe (//) 

W’(HL)d - . P’WW, 

11 -H+, pK,,=6.47 

{Fe”(HL)L}-. 
o+, log Q”’ = B.S9 

k Q{Fe”(HL)L}, 

11 -H+, pKa,=7.66 

{Fe’,L,#- 2a+“opa”)=‘2’17 . Q2{Fe”L2], 

Fe (Ill) 

{Fe”‘(HL),}‘, 
Cl03 

_ [IFe”‘WL)2W41, 

It -H+, pK,, (intro nitrobenzene) 

{Fe”‘(HL)L} . * {Fe”‘(HL)L}, 

11 -H+,pK,,-,5 (intro nitrobenrene) 

{Fe”‘L,}- . 
O+.loc,K~~"':I"')=6.78 

. [a{ Fe”‘LJ], 

11 log & 
=4.3 

[Q2W’L2}21. 

Fig. 1. Equilibrium scheme for extraction of iron and 
iron(II1) PAR chelates into chloroform. 

agrees well with that found in a previous in- 
vestigation.4 The Fe(II)-PAR species in acidic solu- 
tion is expected to be the neutral {Fe”(HL),}, because 
at pH 3-5 the red chelate is partly extracted into 
chloroform even in the absence of Q’. 

The absorption spectra (Fig. 3) and the 
absorbance-pH curves (Fig. 2, curves B and C) show 
that at least two kinds of PAR chelate are involved 
in the extraction process. The Job plots indicate that 
the species extracted at pH 8.0 is Q{Fe”(HL)L}. The 
species extracted from more alkaline solution is 
expected to be Q,{ Fe”L,}. The absorbance-pH curve 
when a slight excess of Q+ is present has maximal 
absorbance at about pH 7 (curve B), whereas with a 
large excess of Q+ the absorbance is highest at pH 
9-10 (curve C). This suggests that Q2{Fe”L,) is less 

05 - 

I I I I I 

01 3 5 7 9 11 

PH 

Fig. 2. AbsorbanwpH curves for the iron(IIbPAR-QCl 
system. (A) Absorbance in aqueous solution, 
c,, = 9.99 x lo-6Iu, CL = 2.05 x lo-5M, I = 0.10 
(H,Na)ClOd, at 495 nm. (B) Absorbance in chloroform, 
c,, = 1.00 x 10-5lw, CL = 2.00 x 10-5M, Co = 2.14 x 
10-5M, I = 0.10 (Na,SO,), at 505 nm. (C) Absorbance in 
chloroform, concentrations and conditions the same as for 

Fig. 3, at 505 nm. 

Wavelength (m-n) 

Fig. 3. Absorption spectra of the extracted species in chlo- 
roform for the iron(PAR-QCI system in the pH range 
2.36-9.05. pH: (1) 2.36, (2) 3.38, (3) 4.41, (4) 6.10, (5) 9.05. 
C,, = 9.99 x lo-%, CL = 2.05 x 10-5M, Co = 5.35 x 

IO-‘M, Z = 0.10 (Na,SO,). 

extractable than Q{Fe”(HL)L}. The molar absorp- 
tivities (E) of Q{Fe”(HL)L} and Q2{Fe”L2} in chloro- 
form were found to be 4.00 x lo4 l.mole-‘.cm-’ at 
500 nm and 4.50 x lo4 at 510 nm, respectively. 

A quantitative description of the extraction equi- 
libria of the Fe(II)-PAR chelates with Q’ at pH 7-10 
requires consideration of the reactions: 

{Fe”(I-IL)L}- Z$ {Fe”L,}2- + Hi 

K 

a2 
= WI W”L2~2-l (1) 

[{ Fe”(HL)L} -1 

{Fe”(HL)L}- + Q+ z$ Q{Fe”(HL)L}, 

p{I’) = [QWWW41, 
[Q+] [{Fe”(HL)L)-1 (2) 

{ Fe”L,}*- + 2Q+ s Q,{ Fe”L,}, 

as well as the distribution of the ion-pairs of QCl and 

QHL 

Q++Cl--QCl KC’= 
[Qcllo 

- 0 ex 
IQ’1 U-l 

(4) 

Q’ + HL- z$ QHL, KzL = tQHL1o 
[Q’] [HL-] (‘) 

where the subscript o indicates the species in the 
organic phase. 

The chelate formation constant in the aqueous 
phase is large (log f12 = 31.4),15 so formation of the 
iron(I1) chelate should be almost quantitative at pH 
7-9 in the presence of a small excess of PAR. 
Evaluation of the relevant equilibrium constants pro- 
vides a check on the validity of the assumptions made 
above. 

From equations (lH3), the following expression is 
obtained: 

K,$“) K,, W+l [Q2W”L2Ho 
~ = [Q’l [Q{Fe”WW)l, Kr;[“’ (6) 
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- 0 
“0 

1 2 3 4 

l/IO8 x Hi+1 

Fig. 4. Plots of equation (9). (a) Cr, = 1.99 x 10e5M, 
c, = 4.01 x 10-5&f, c, = 5.35 x lo-‘M; (0) c,, = 9.93 x 
10-6M, f$ = 4.01 x 10-sM, llcQ = 1.07 x 10d4M. C,, or 

phoaphatc = 2.5 x lo- M, I = 0.10 (NaCl). 

The values of the constants in equation (6) cannot be 
determined simultaneously. Hence the values of lu, 
and KF.!i’) were estimated in O.lOM sodium chloride 
medium, where the extraction of Q,{Fe”L,} can be 
neglected since its extractability relative to that of the 
chloride ion-pair is expected to be sufficiently low (see 
Appendix I). 

The ion-exchange extraction is expressed by 

QCI, + { Fe”(HL)L} - e Q{ Fe”(HL)L}, + Cl- 

K = [Q@“WJL11,FW _ Kz(“) 
tQCMF%-WL~-1 KZ 

(7) 

and the distribution ratio of iron( DFe~,,~, is given 

by 

D 
[Q{Fe”WW-11, 

Feu’) = [{Fe”(HL)L}-1 + [{Fe11L,}2-] (8) 

where the concentrations of the ion-pair and the 
neutral chelate {Fe”(HL),} in the aqueous phase are 
neglected. From equations (l), (7) and (8), and the 
material-balance equation for Q+, we obtain 

[Qcllo 1 & 
DF~(II) [cl-l = z + K[H+l 

(9) 

where [QCl], = Co - [QHL], - [Q{Fe”(HL)L}],, Co 
being the total concentration of Q+. The data plotted 
in Fig. 4 are taken over the pH range 7.49.0. From 
the slope and intercept, the values of the constants in 
equation (9) were found to be Ka2 = 10-7~66*0~‘0 and 

K = 103.@*0.0B at Z = 0.10 (NaCl). Thus, KL$“) 
= KK” = 108.59fO.k1 

Undzr conditions in which both the chelate and 
HL- are quantitatively extracted [Co > 2 x 10T4M is 
required at Z = 0.10 (Na,SO,)], the change in absorb- 
ance, A, over the pH range 7-10 (Fig. 3, curve C) can 
be used to evaluate KLi$“) by means of equation (6): 

where A, and A, are the constant absorbances at 
pH < 7.5 and > 9.5, respectively. From equation (1 l), 
the value of [Q’] can be calculated: 

K:[Q+]*+{l+K:cr}[Q+]-(Cq-a)=0 (11) 

where a = C, - C,,[(A, - A)/(A, -A,)], CL and C,, 
being the total concentrations of PAR and Fe(II), 
respectively. Derivation of equation (11) is given in 
Appendix II. The results of the calculations are 
shown in Table 1 and lead to Kgf’) = lo’*.” *O.‘O at 
Z = 0.10 (Na,SO,). 

At total concentrations of Q{Fe”(HL)L} and 
Q,{Fe”L,} in chloroform up to 2 x 10m5A4, the re- 
sults gave no evidence for dimer formation. 

Extraction of Fe(ZZZ)-PAR chelates 

The absorption spectra of the species extracted in 
the Fe(III)PAR-QCl, system at various pH values 
are shown in Fig. 5. In the presence of a large excess 
of Q+, the extracted species has an absorption max- 
imum at 495 nm (s = 6.03 x lo4 l.mole-’ .cm-i) 
with a distinct shoulder at 540 nm, and maximum 
and constant absorbance is obtained over the pH 
range 4-9 (Fig. 6, curve B). For comparison, the 
absorbance_pH curve in aqueous solutions is given as 
curve A in Fig. 6. 

Two other kinds of iron(III)PAR chelates are 
extractable into nitrobenzene, viz. the cationic 
{Fe”‘(HL),J+, with perchlorate as counter-ion 
(&,,,, = 535 nm, Fig. 6, curve C), and the neutral 
{Fe”‘(HL)L} (12,,, = 496 nm, curve D). 

The form of the ion-pair with Q’ in chloroform 
was confirmed by continuous-variation plots at pH 
8.2 to be Q{Fe”‘L,}. 

Table 1. Equilibrium extraction data for [Fe1’LJ2- with QCl into chloroform [I = 0.10 (Na,SO,) in 2.5 x 10-3M borate 
buffer] 

Cr,, M 1.26 x 1O-5 1.51 x 10-r 1.26 x 1O-5 1.51 x 10-S 
C,, M 3.04 x 10-r 4.05 x 10-r 4.05 x 10-r 4.05 x 10-S 
Cc, M 5.12 x 1O-4 5.12 x 1O-4 2.56 x 1O-4 2.56 x 1O-4 

PH log KFejl” CX PH log K:s”) PH log K:;j”) PH log K:;j”) 

7.02 12.11 7.98 12.45 
7.30 12.45 8.30 12.33 
7.59 12.41 8.58 12.17 
7.91 12.44 8.72 12.30 
8.22 12.39 9.18 12.08 
8.51 12.39 9.75 12.18 
8.80 12.23 

log KFl”) = 12.17 f 0.10 (average value of 30 experiments). 

6.97 12.18 6.97 12.10 
7.45 12.40 7.31 12.40 
7.82 12.03 7.79 12.23 
8.07 11.92 8.15 12.25 
8.34 11.85 8.50 12.20 
8.65 11.75 8.77 12.11 
9.00 11.82 9.00 12.25 
9.33 11.76 9.62 12.03 
9.78 12.00 



HITOSH~ HOSHINO and TAKAO Y~~TSUYANAGI 

Wavelength (nml 

Fig. 5. Absorption spectra of the extracted species in chlo- 
roform for the iron(III)-PAR-QCl system in the pH range 
1.95-6.08. pH: (1) 1.95, (2) 2.60, (3) 2.89, (4) 3.21, (5) 4.22, 
(6) 6.08. C,, = 5.05 x 10-6M, CL = 1.22 x IO-‘M, 

C, = 4.83 x 10e4M, Z = 0.10 (Na,SO,). 

The distribution ratio of the Q+{Fe1”L2}- ion-pair 
into chloroform significantly increased with total 
concentration of the chelate, owing to the extensive 
aggregation of the ion-pair in chloroform. The ex- 
traction constant of the {Fe”‘L,}- chelate was ob- 
tained from the extraction data at concentrations 
of the chelate lower than 6 x 10e6M, where the 
contribution of dimerization (or higher aggregation) 
was found to be negligible. The extraction constant 
of. the ion-pair is given by 

{ Fe”‘L,} - + Q+ g Q{ Fe”‘L2}0 

p/III) = [Q~Fe”‘W, 
[Q+] [{Fe”‘L,}-1 (12) 

The extraction curve with nitrobenzene (Fig. 6, curve 
D) indicates that the pK,, value of the chelate [equa- 
tion (13)] is smaller than 5.5. 

{Fe”‘(HL)L} $ {Fe”‘L,}- + H+ (13) 

Thus, the predominant Fe(III)-PAR species con- 
The concentration of free Q+ was calculated from 
equation (16), with c( = [QHL], + [Q{Fe”‘L,~], + 
2[Q2{Fe1”L2}J,. Since the data were scattered to some 
extent, as shown in Fig. 7, the value of Kd could be 
determined only with poorer precision, as 104.3 *‘J 
from the linear plot of equation (19) by least-squares 
calculation in which the KEf”‘) value obtained from 
equation (15) was put on the corresponding position 
of the ordinate in Fig. 7. 

15 r 

Fig. 6. Absorbance-pH curves of the iron(III)-PAR 
chelates in the several extraction systems. (A) Absorbance 
in aqueous solution at 495nm. C,,= 5.70 x 10e6M, 
CL = 1.60 x lo-‘M, Z = 0.10 [(H,Na)ClOJ (B) Absorbance 
in chloroform at 495 nm. Concentrations and conditions are 
the same as for Fig. 5. (C) Absorbance in nitrobenzene at 
535 nm. With O.lM NaClO,, Cr, = 1.01 x 10m5M, 
CL = 2.10 x lo-‘M. (D) Absorbance in nitrobenzene at 

‘&,I , , , , 
0 05 10 15 20 

10’2x1{FemL,}~l[Q+1 

495 nm. C,, and C, are the same as for (C). Fig. 7. Plots of equation (19). 

cerned in the extraction at pH 8.2 is {Fe”‘L2}-. Since 
the aqueous concentrations of free ferric ion and the 
ion-pair, Q{ Fe1”L2} can be neglected, the distribution 
ratio of Fe(III), Z&,,, is given by 

(14) 

Substitution of (14) in (12) gives the extraction 
constant 

D Krkf”‘) = 3 (15) 

and [Q+] can be obtained from the material-balance 
equations (see Appendix II): 

Kz[Q+]’ + { 1 + K,c,‘a > [Q’] - (C, - a) = 0 (16) 

where a = [QHL], + [Q{Fe”‘L,}],. The concen- 
trations of [QHL], and [Q{Fe”‘L,}], were determined 
by solving the simultaneous equations for the absorb- 
antes measured at 400 and 495 nm. 

The logarithmic plot of equation (15) gave a 
straight line with a slope of unity, and the value of 
K:$“‘) was evaluated by least-squares calculation: 
KF$“‘) = 106.78 * 0.15 at Z = 0.10 (Na,SO,). 

When dimer formation takes place, the distribution 
ratio of the Fe(II1) at pH 8.2 is described by 

D 
[Q{Fe”‘L& + 2~Q2W1’Wo 

Fe(11') = 
[{ Fe”‘L,} -1 

c17j 

The dimerization constant is defined as 

(18) 

From equations (12), (17) and (18), we obtain 

DF~II) 
-= 

tQ+l 
K,;{"') 

+ 2Kd(Kr$1”))2 [{Fe”‘L,}-1 [Q’] (19) 
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Table 2. Equilibrium constants and E values (CHCI, medium) for some PAR chelates 
(Z = 0. lo; 20°C) 

Anion log K, log K, PK, PK.* E, IO4 l.mole-‘.cm-’ 

[FernLJ- 
[coIIILp’ 

[v”O,L] - @’ 
wwyj”- 

[NiIILJZ-(d) 
HL-‘” 
cl-“, 

6.78 
6.37 
6.54 
a.59 

12.17 
11.16 
7.31 
5.11 

4.3 - -5 6.03 (495 mn) 
4.04 3.64 4.41 6.41 (520 nm) 

4.40 - 3.35 (560 nm) 
4.00 (500 nm) 

6.47(” 7.66 4.50 (510 nm) 
6.2(” 7.1(C) 8.08 (500 nm) 
5 43’W’ 12 13(“(0 3.11(400 nm) 

ClO;@’ 7.40 

(a) Ref. 10, (b) ref. 17, (c) ref. 15, (d) ref. 9, (e) dissociation of I-hydroxy group, (f) 
dissociation of 3-hydroxy group. 

DISCUSSION 

The equilibrium constants obtained in this work 
are listed in Table 2 with those for some other 
metal-PAR chelates. The relative order of the ion- 
pair extraction constants can be established as 
{Fe”(HL)L}- > HL- > {Fe”*L,}- > {Fe”L,j2- by 
considering the exchange equilibrium 

{M(HL),LJ”- + nQHL, g QnWW&)o 

+ nHL- K’ = (K,H,L) 
LL (20) 

This order seems to be reasonable for 
{Fer’(I-IL)L}- > HL- > {Fe1rL,}2- with respect to 
the size and charge-type effeCts,‘8*‘9 but the position 
of {Fe”‘L,}- is unusual on the basis of these criteria. 
Furthermore, no evidence for dimerization was ob- 
served in the {Fe”L,}*--Q+ and {Ni”L,)2--Q+ sys- 
tems, though it was in the {Fe”‘L,}--Q+ system 
(log Kd = 4.3). Very similar behaviour to that of 
{Fe”‘L,}- was also found for the (Co”‘L,}--Q+ 
system [log K~x~‘ll) = 6.37 and log Kd = 4.041.” The 
closeness of the values Kk;, and K,, for Fe(II1) and 
Co(II1) should be attributed to the similarity in the 
nature of the ion-pairs. The situation may be similar 
for the PAR chelates of {M’1L2}2- [M = Fe(I1) and 
Ni(II)], since their extraction constants are 
log KIx- = 12.17 and log. Kzz’)= 11.16. From com- 
parison of the extractability of the different types of 
PAR chelates, it is concluded that the 1-hydroxy 
groups (para to the azo group) in the chelates play an 
important role in the extraction process, both in 
ion-pair formation and in solvation of the ion-pairs. 

As shown in the discussion above, detailed data for 
the ion-pair extraction equilibria provide useful infor- 
mation about the forms of some analytically im- 
portant metal chelates in solution, as well as the 
quantitative basis for understanding the extractive 
calorimetric determination of metal ions with PAR 
and the separation of some PAR chelates by ion-pair 
reversed-phase partition chromatography.r4 For ex- 
ample, there is a linear correlation (Fig. 9) between 
the extraction constants of the PAR chelates and 
their capacity factors (k’) calculated from the chro- 

Fig. 8. Separation of PAR chelates by ion-pair reversed- 
phase partition chromatography. c,=2x lo-6M, 
CL = 8.0 x lO-sM, pH 7.5 (5 x lo-‘M sodium acetate), 
0.100 ml injected. Column, Yanapak ODS-T column (Yan- 
agimoto Mfg., 4 mm bore, 250 mm length); mobile phase 47 
w/g/, aqueous methanol containing tetrabutylammonium 
bromide (0.01 mole/kg), sodium acetate (0.04 mole/kg) and 
EDTA (10e4 mole/kg); flow-rate 1.0 ml/min. Detection at 

500 nm, 1 mV = 0.04 absorbance. 

74 - 
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t902L)_ 

{Ccl” LJ 

6.2 
0 0.3 0.5 07 0.9 

log k’ 

Fig. 9. Relationship between log K_ and log k’ for singly 
negatively-charged PAR chelates. The capacity factor, k’, is 
given by k’ = (1, - to& where I,, and t, are the retention 
times of a non-retarded component (solvent front) and of 

the seoarated soecies. resoectivelv. 
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HL- 

i 
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APPENDIX I 

Extractability of {Fe”L,}*- chelate from O.lM sodium chlo- 
ride solution 

Equation (3) is combined with equation (4), and with use 
of the values in Table 2, the following relation is derived: 

K%“) [Q2Pe”WoIC1-12 = 1o,.95 -= 
W9* [QW [IFe”b)*-1 

(A-1) 

Under the conditions [Cl-] =O.lOM and [QCl]. 
= 5 x 10e4M (approximately similar to those for Fig. 4), the 
value of [Q2{FenL,}],/[{FenL2}*-] is estimated to be 10-2.65, 
so only 0.2”/, of the {FenL2~2- can be extracted. 

Equation (6) is multiplied by the reciprocal of equation 
(4): 

P-1 W+l [Q2Pe”L2~I, = 1o_9,19 
[Q~~l,[QF%WW, 

64-2) 

Under the conditions above for [Cl-] and [QCl],, even 
at the highest pH in Fig. 4, pH 9.0, the ratio 
[Q2{FenL2}],/Q{Fea(HL)L)I, is estimated to be only 10-2.49. 

APPENDIX II 

Derivation of equations (11) and (16) 

Here tl is the sum of the concentration terms which can 
be spectrophotometrically determined in the material- 
balance equation for Q+ ion. 

For equation (11) four mass-balance equations are 
needed: 

where 

Co = [Q'l + [QW, + G( (A-3) 

a = [QHLI, + [Q{Fe”WWN, + 2[Q2{Fe”L2)I, (A-4) 

Cc, = C, = [Cl-] + [QCl], (A-5) 

Cr, = [Q{Fe”(HWJl, + [Q,W”L,H, (‘4-6) 

CL = [QHLI, + 2% (A-7) 

where the aqueous concentrations of ferrous ion, its 
chelates, HL- and their ion-pairs with Q’ ion are neglected. 
By use of equation (4) equation (A-3) is rewritten as 

Co = [Q’] (1 + KF,1[Cl-1) + a (A-8) 

From equations (A-3) and (A-5): 

[Cl-] = [Q+] + a (A-9) 

If equation (A-9) is substituted in (A-8), a quadratic equa- 
tion with respect to [Q’] is obtained: 

K:[Q+]*+(l+K,C,‘a)[Q+]-(Co-a)=0 (A-10) 

From equations (A-4), (A-6) and (A-7), the following 
equation is obtained: 

tl = C, - [Q{Fe**(HL)L}], (A-l 1) 

The absorbances A,, A, and A can be written as 

A, = e,Cre 

-42 = &lCFe 

A = E, [Q{ Fe”(HL)L}], + s2[Q2{ Fe”L,}I, (A- 12) 

where E, and .s2 are the molar absorptivities of the ion-pairs, 
Q{Fei*(HL)L} and Q2{FenL2}, respectively, in chloroform. 
With use of equations (A-l 1) and (A-6), rearrangement of 
equation (A-12) gives 

Cr, 

which is substituted into equation (A-10) to give the final 
equation for a as 

a = c, - c,, (A-13) 

Equation (16) is readily derived in a similar manner, by 
using the material-balance equation 

Co = IQ+1 + [QW, + [QW, + [QP”‘L2~I, (A-14) 

Here, tl is defined as a = [QHL], + [Q{Fe’nL,}],, where 
[QHL], and [Q{Fe*nL,}], are directly determined by 
measuring the absorbance at 400 nm (for [QHL],) and 
495 nm (for [Q{Fen’L2}],). The term 2[Q2{Fen’L2}& is 
added to equation (A-14) when dimer formation takes 
place. 
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Summary-The uranyl complexes of n-propanediaminetetra-acetic acid, n-butanediaminetetra-acetic acid 
and n-hexanediaminetetra-acetic acid have been studied by potentiometry, with computer evaluation of 
the titration data by the MINIQUAD program. Stability constants of the 1: 1 and 2: 1 metal:ligand 
chelates have been determined as well as the respective hydrolysis and polymerization constants at 25” 
in 0. 10M and 1 .OOM KNO,. The influence of the length of the alkane chain of the ligands on the complexes 
formed is discussed. 

In a previous paper’ we reported the results of a 
potentiometric study of the complexes formed by the 
uranyl ion UO$+ with EDTA. Using graphical plots,* 
we concluded that both mononuclear and binuclear 
complexes are formed, which are subsequently hydro- 
lysed to give the corresponding hydroxo species and 
more complex products resulting from successive 
condensations. Hence, for 1: 1 molar ratio mixtures of 
UOz+ and EDTA the composition of the solutions 
was interpreted in terms of the formation of MHL, 
MHLOH, MLOH and (MHLOH)* complexes, where 
M stands for UO:+; in 2:l molar ratio mixtures of 
UOz+ and EDTA, the results were better interpreted 
in terms of a “core + links” mechanism3 where the 
complexes formed corresponded to the general for- 
mula M,L[M,(OH),L],_ , .2H20, with nmin = 1 and 
nmax -+ co, although the species corresponding to high 
values of n are unlikely. 

This study has now been extended to other 
n-alkanediaminotetra-acetic acids, corresponding 
to the general formula 

where n = 3, 4 and 6, i.e., n-propanediaminetetra- 
acetic acid (PDTA), n-butanediaminetetra-acetic 
acid (BDTA) and n-hexanediaminetetra-acetic acid 
(HDTA), thus affording the possibility of examining 
the influence of the length of the hydrocarbon chain 
of the ligands on the type and stability of the various 
complexes formed. 

In these cases, the fitting of the experimental results 
to the theoretical curves by graphical procedures is 
not satisfactory, contrary to what happens with the 
UO:+-EDTA system. We have therefore used a 
computational method, namely the MINIQUAD pro- 
gram,4*s which selects the set of products that gives 
best correspondence to the experimental results on 
the basis of the statistical criteria chosen (as discussed 
later in the results and discussion section) and calcu- 
lates the formation constants. For comparison, we 
have re-examined the UOz+-EDTA system with this 
program. 

EXPERIMENTAL 

Reagents 

PDTA and BDTA were prepared by condensation of n- 
propane&amine and n-butanediamine with mono- 
chloroacetic acid, following the current procedures.6 The 
products were recrystallized from aqueous ethanol. 

HDTA and uranyl nitrate were commercial products of 
analytical grade (Fluka) and used without further 
purification. The concentration of the stock UO$+ solutions 
was confirmed by gravimetric analysis. The potassium hy- 
droxide solutions used as titrants were prepared under 
nitrogen from Merck “titrisol” vials, with CO,-free demin- 
eralized water. The concentration of these solutions and the 
absence of carbonate was checked regularly by poten- 
tiometric titration with standard hydrochloric acid. 

Potentiometric measurements 

A Coming-Eel 112 digital potentiometer was used with 
Coming electrodes (PH triple-purpose, Ag/AgCl internal 
and calomel reference electrodes, both No. 476022). The 
readings of potential were converted into log [H+] values 
according to the expression E = K + CL log [H+]. The experi- 
mental value of a determined at 25.0” was 59.2 f 0.1 mV, in 
good agreement with the theoretical value of 59.15 (the drift 
of the liquid-junction potential during the measurements in 
the pH-range of the titrations was found to be negligible and 
was not considered in the expression used). The cell constant 
K was calculated from a previous titration of hydrochloric 
acid in the appropriate medium with potassium hydroxide, 
by Gran’s method.’ The calibration was repeated before and 
after each series of titrations, at regular intervals during the 
day. 

The ionic product of water in O.lOM and l.OOM potas- 
sium nitrate media was determined from these titrations; the 
values obtained at 25.0” were 1.68 x lo-l4 and 1.86 x lo-l4 
respectively, in good agreement with those reported pre- 
viously.* 

Method 

A range of ligand and metal concentrations between 
5 x 10e4 and 4 x lo-‘M was used, to allow the study of 
polymeric species. At concentrations below 5 x 10-4M no 
polymeric species are formed and at concentrations above 
4 x 10m3M the polymeric species precipitate as soon as they 
are formed. 

In all cases the ionic strength of the medium was kept 
constant at l.OOM with potassium nitrate. 

Some titrations were also performed with concentrations 
of ligand and metal below lo-)M but the ionic strength at 
O.lOM (KNO,). These were aimed particularly at the study 
of the simple MHL and M,L complexes. 
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The titrations were performed in a double-walled 
titration-cell at a temperature controlled at 25.0 & 0.1” by 
circulating water from a thermostat. The titrant was added 
from a 10.00 f 0.01 ml Brand burette provided with soda- 
lime guard-tubes. 

After each addition of base, the equilibrium potential was 
reached within 30-120 sec. 

RESULTS AND DISCUSSION 

The potentiometric curves of the n-alkane- 
diaminetetra-acetic acid in the presence of uranyl ion 
(1: 1 and 1:2 molar ratios) are analogous for all the 
ligands and the titration curves of BDTA are 
presented as an example (Fig. 1); the onset of precip- 
itation of the hydroxo complexes occurs at a lower 
degree of neutralization as the hydrocarbon chain of 
the ligand increases. 

Referring to this figure, it can be seen that curve 
(b), corresponding to the titration of a 1: 1 molar 
mixture of UO:+ and the ligand, has an inflection at 
a = 3, which suggests the formation of a protonated 
complex MHL, where M represents UOi+ and L the 
deprotonated ligand. This is the only inflection point, 
in contrast to the corresponding situation for EDTA, 
where a second inflection point is apparent at a = 5.’ 

Curve (c), corresponding to the titration of 2: 1 
molar mixtures of UOi+ and the ligand, has an 
inflection point at a = 4, indicating the formation of 
an M,L complex. Both MHL and MIL are sub- 
sequently hydrolysed, but since the inflections of the 
curves are not well defined, the hydrolysed species are 
already present before a = 3 or a = 4 in curves (b) 
and (c), as can be seen from the curves showing the 
distribution of the different species (Fig. 2). 

The set of species to be considered, apart from 
MHL and M2L, is not obvious, since the number of 
possibilities is large. The initial choice for an un- 
known system must be based on chemical grounds 
but, in the present case, the task is made simpler since 
a considerable amount of information is already 
available from the study of the UOz+-EDTA sys- 
tem.’ 

10 

I 

a6 

1 I I I I I 
1 2 3 4 5 6 

a 

Fig. 1. Titration curves of BDTA (a) and BDTA + uranyl 
ion in the ratio 1: 1 (b) and 1:2 (c), at 25” and ionic strength 
0.1 M KNO,. C,,, = 10-‘&f; a = moles of base per mole 
of acid (degree of neutralization); 1 indicates the precipi- 

tation of hydroxo complexes. 

The formation constants of the complexes were 
obtained by a least-squares refinement process using 
the MINIQUAD program. This program also calcu- 
lates the standard deviations of the constants and an 
agreement factor R defined as:9 

R = 
[ 

U/t CC& + C;, + C;,) 1 
l/2 

i=l 

where U is the sum of squared residuals for all the 
mass-balance equations:4 

u = f [(C, - CL); + (CL - cl)‘+ (C, - CL);] 
i=l 

m represents the number of experimental points and 
the values C,, C,, Cu are the experimental values for 
the total concentration of metal, ligand and hydrogen 
ion; C$, Cl and CA represent the same concen- 
trations calculated from the mass-balance equations. 

The best set of species is selected by analysing the 
values of the statistical outputs of the program. 

A certain chemically probable set of species is 
unusually acceptable if the agreement factor R is less 
than 0.004, which is the permitted deviation from a 
calculated R, based on the experimental errors.” The 
relative deviation of the formation constants should 
be less than lo%, although when many species are 
present values up to 25% may still be acceptable. 

The formation constants of the species are defined 
as 

B = W,L,MWaI 
A%’ MPLlqWl 

where r = b - a, and correspond to the reactions 

pM + qL + aH,O + M,L,H,(OH), + (a - b)H+ 

Solvation of the species is not considered, for the sake 
of simplicity. Each species is defined by three 
numbers-p, q, r-which represent the number of 
metal ions, ligand ions and the sum of the 
hydrogen( +) and hydroxide( -) ions in the complex. 

The ionization constants of the ligands (Table l), 
the ionic product of water and the hydrolysis con- 
stants of the uranyl ion at p = O.lM and l.OM 
(KNO,)“~‘* (Table 2) were included as lixed values in 
the data to be dealt with by the program. 

The best sets of results for the various systems at 
ionic strength l.OOM (KNO,) are presented in Table 
3 together with the calculated standard deviations of 
the constants (log 8) and the values of the R factor. 
The results for EDTA presented in Table 4 have been 
redetermined by using the MINIQUAD program, for 
comparison. 

For all the systems, the value of the R parameter 
decreases significantly when the polymeric species 
due to hydrolysis of the complexes are considered. 
This supports the postulation of existence of these 
species in solution. 

The results obtained for ionic strength O.lOM are 
not so conclusive, although there is a slight decrease 
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Table 1. Stability constants of the proton complexes of the ligands introduced as fixed 
constants in the MINIQUAD program [(A) 25”, O.lM KNO,; (B) 25”, l.OM KNO,] 

Ligand B 011 B 012 B 013 B 014 

(B) EDTA 8.59 x 10’ 1.45 x lOI 5.50 x 10’8 5.61 x 10m 

PDTA 1.78 x 1O’O 1.12 x 10”’ 4.79 x 10m 6.31 x lOz 
1.07 x 10’0 6.76 x 10” 2.29 x 10m 1.82 x 10z 

BDTA 2.84 x 10” 2.70 x lOI 1.39 x 10” 8.5 x 10” 
1.73 x 10’0 2.14 x lOI 5.75 x 1022 - 

HDTA 3.72 x 1O’O 1.71 x 1020 9.79 x 10U - 
2.24 x 1O’O 8.13 x 10” 2.95 x 10r2 - 

Table 2. Hydrolysis constants of uranyl ion and ionic product of water introduced as fixed constants in the MINIQUAD 
program [(A) 25”, O.lM KNO, (ref. 11); (B) 25”, l.OM KNO, (ref. 12)] 

B 'O-1 t&O.* B 30.4 B B Kw 

3.16 x lO-6 1.26 x lO-6 4.90 x lo-‘3 3.47 x”l’o-” 1.74 zo-23 1.68 x 10-14 
- 1.1 x 10-b 1.62 x lO-6 6.17 x 10-l’ - 1.86 x 10-14 

Table 3. Stability constants of UOz+ + L complexes for the best model obtained with the MINIQUAD program, with their 
standard deviations (25”; l.OOM KNO,) 

Ligand logfin, log BZIO log 821.1 log B220 log 842-Z log b42.4 h3 863-4 R 

PDTA 18.14 f 0.08 17.25 f 0.02 12.40 f 0.03 28.47 + 0.03 27.47 f 0.1 17.91 f 0.03 - 0.0029 
18.11 kO.09 17.37 f 0.03 12.48 + 0.02 28.41 f 0.03 - 18.01 f 0.03 38.52 f 0.1 0.0026 

BDTA 19.26 f 0.02 18.40 f 0.02 13.45 + 0.02 30.33 f 0.1 29.83 f 0.06 20.19 f 0.03 0.0017 
19.15 f 0.009 18.37 + 0.02 13.44 f 0.02 - 29.72 f 0.06 20.10 f 0.03 0.0018 

HDTA 19.48 + 0.09 18.77 + 0.08 13.1 k 0.2 30.98 f 0.2 30.9 + 0.2 19.8 k 0.2 0.0032 
19.16 f 0.07 18.71 f 0.07 - - 30.7 f 0.1 19.6 f 0.1 0.0035 

Table 4. Stability constants of UO:+ + EDTA complexes,.obtained by (I) graphical methods, (II) MINIQUAD program 
(25”; l.OOM KNO,) 

log Bill log ho log 8'1.1 h3 8210 loi3 BZI-I lot3 l&20 log 842-Z Iok? 842-4 log 863-4 

I 17.55 10.88 4.58 17.77 - 24.59 25.10 - 33.96 
II 16.28 + 0.04 - - 16.14kO.02 11.33kO.03 25.04&0.1 - 15.34 + 0.04 34.3 0.1 f 

of R with the addition of the polymeric species to the 
set considered. Since in this case we did not change, 
at least significantly, the total metal and ligand 
concentrations (the supporting electrolyte would 
hardly keep the ionic strength constant) not enough 
data were obtained to allow distinction between 
monomers and the corresponding dimers. Never- 
theless the best set of species found for ionic strength 
l.OOM has been accepted by the program (except for 
the dimer 42-2), and the formation constants of the 
species are consistent (Table 5). 

From the plots of the percentages of the ligand and 
metal in each species, as a function of pH, for the 1: 1 
and 2: 1 metal/ligand molar ratio mixtures, which are 
similar for all the ligands, it can be seen that the 
species MHL and M,L, with general formula 

(-OOCCH,),NH-(CH,),-N(CH,COO),M 

and 

are present in solution up to about pH 6, ,being 
dominant between pH 3.00 and 5.00 (Fig. 2 for 
PDTA and HDTA ligands). At pH above 4 the 
hydrolysed species of these complexes begin to form. 
The M*LOH (21-l) species, with one water molecule 
hydrolysed, is the first complex to be formed; its 
importance decreases from EDTA to HDTA, 
whereas the concentration of the dimer 42-2, with 
two bridging hydroxyl groups, increases. 

For EDTA the equilibrium seems to favour the 
higher complex 63-4 of the “core + links” mech- 
anism, instead of 42-2 for which the formation con- 
stant has a large error. For PDTA there are some 
doubts as to the existence of the second or third 
species of the series, i.e., 42-2, or 63-4, the co- 

Table 5. Stability constants of UOi+ + L complexes for the same species as those obtained at ionic strength l.OOM KNO,, 
with their standard deviations (25”; O.lM KNO,) 

Ligand log Bill log BZIO lof3 B2l.l log 8220 log 842-2 log 842-4 h3 863-4 R 

PDTA 18.80 f 0.02 18.66 * 0.01 14.05 f 0.02 30.2 + 0.1 Rejected 20.64 f 0.07 Rejected 0.0040 
BDTA 19.61 + 0.007 19.06 f 0.007 13.83 f 0.04 31.04 f 0.05 Rejected 19.76 f 0.02 0.0025 
HDTA 20.22 f 0.003 19.43 f 0.004 14.23 f 0.01 31.89 f 0.05 Rejected 20.18 f 0.02 0.0010 
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I (A) (B) 

60 

60 

4 5 6 

PH 

(D) 

42-4 / 

4 5 6 

PH 

Fig, 2. Fraction of total metal, present in each complex, as a function of pH, for the systems: A, 2: 1 
UO;+/PDTA; B, 1:l UO;+/PDTA; C, 2:1 UO;+/HDTA; D, 1:l UO;+/HDTA. 

existence of both being rejected by the program. The 
reason for the discrepancy cannot be ascertained; we 
believe that the tendency to form 63-4 decreases 
along the series and may be significant only for 
EDTA. 

The species 42-4 is an intermediate between 42-2 
and 63-4; on the basis of the behaviour of UO:+ 
aminocarboxylate complexes in solutionn it is likely 
to be formed by two M2L molecules bound by two 
hydroxyl groups and with one hydrolysed water 
molecule co-ordinated to each UO:+ group. This 
species becomes clearly dominant at pH above 5 for 
all the systems. 

For the same reason, the dimer 220 probably 
corresponds to two MHL molecules bound by two 
hydroxyl groups rather than to h&L,, but the poten- 
tiometric data are not sufficiently conclusive to indi- 
cate the real structure. This species (more significant 
at the 1:l metal/ligand ratio) is detectable for the 
EDTA and PDTA systems but for the BDTA and 
HDTA its existence in solution is doubtful. 

The hydrolysis of the uranyl ion becomes more 
important in the systems involving ligands with 
longer -CH,- chains. The products of hydrolysis of 

Uq+ together with the H,L*- and 42-4 species are 
the reason for the less satisfactory fit of the experi- 
mental points to the theoretical curves established 
assuming only the “core + links” mechanism. As Fig. 
3 shows, their importance increases from the EDTA 
to the HDTA system, and their fraction of the total 
metal concentration passes through a minimum be- 
tween pH 4 and 5. 

60 

70 

60 

5 50 
ar 

40 

30 

(8) 

\/ 

lb1 

U’ 3 3 4 5 

Fig. 3. Distributiot’curves (as functions PoHf pH) for the 
systems A, 2: 1 Uq+/EDTA and B, 2: 1 UOi+/HDTA for 
(a) fraction of total metal present in all “core + links” 
species; (b) fraction of total metal present in the other 

species. 
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3 4 5 6 

PH 

3 4 5 6 

PH 

Fig. 4. Fraction of free H*L, as a function of pH, for BDTA 
in the presence of many1 ion in molar ratio of M:L 1: 1 (a) 
and 2: 1 (b). Curves (c) and (d) am the corresponding curves 
[to (b) and (a) respectively] after subtraction of hydrolysed 

uranyl ion species. 

A curious result is obtained when the mass balance 
of species is considered in terms of L. The distribu- 
tion curves of H,L species as a function of pH have 
an analogous shape for all the ligands, with a min- 
imum between pH 4.0 and 5.0, this being clearer for 
the 1: 1 metal/ligand ratio (Fig. 4a, b). This behaviour 
is not the usual, since these curves generally increase 
to a maximum value and then decrease until they 
practically disappear owing to the competitive for- 
mation of other species. For the 2:l metal/ligand 
ratio the increase of H2L species after the minimum 
may be due mainly to the hydrolysis of uranyl ion, 
which increases the concentration of H+ and displaces 
the equilibrium H + MHL + H,L + M to the right. 
This hypothesis has been confirmed by comparison of 
the H,L distribution curves with the hypothetical 
ones obtained from a model without the hydrolysed 
species M,(OH),, M,(OH), and M4(OH), (Fig. 4c). 
For the 1:l metal/ligand ratio the minimum can be 
explained in terms of the increasing concentration of 
the 2: 1 M:L species, which gives more free ligand 
available in the form of H,L species. The hydrolysis 
of the uranyl ion does not affect the distribution 
curves within experimental error (Fig. 4d). 

From the results in Table 4 it can be seen that the 
two sets of species-one obtained by graphical meth- 
ods and the other by using the MINIQUAD program 
for the EDTA + U02 system-are similar, although 
the formation constants for the well-defined species 

common to both methods differ by up to 1.5 log units 

(log MMHL and log &,,J. The set obtained with the 
computer program also considers the species 21-1 
(monomer of 42-2) and 42-4 that do not belong to the 
“core + links” mechanism. On the other hand it does 
not consider the dimer 42-2 or the monomers 1 l-l 
and 110 (monomer of 220) postulated in the graphical 
methods (since graphical methods used for the study 
of 1: 1 mixtures do not include the 2: 1 species, the 
11-l complex had to be introduced to fit the experi- 
mental points and the theoretical curves in the high 
pH range). It is worth noting that the 2: 1 metal 
ligand species have a strong weight even when 1: 1 
mixtures are considered, as can be seen in Figs. 2 and 
3. These seem to be the reasons why our present 
values for the EDTA system differ from those 
presented in our previous paper.’ It must also be 
pointed out that in the present work more experi- 
mental data were used. In fact, when computer 
calculation is used, the entire titration curve is consid- 
ered, whereas with graphical plots different parts of 
the curve are used for calculating the stability con- 
stants of the hydrolysed species and of the MHL or 
M,L species. 

A similar set of species obtained with the MINI- 
QUAD program is reported for EDTA at ionic 
strength O.lOM by other authorsi but the dimers 42-4 
and 220 are replaced by their monomers 21-2 and 110 
since in the experimental conditions used no poly- 
meric species due to hydrolysis were found. 

From these results we can conclude that all the 
systems can be interpreted in terms of the same set of 
species: 111,210,21- 1, 220,42-2 and 42-4, where only 
210 and 42-2 belong to the “core + links” series of 
general formula M,Lm,L(OH)J, _ , . 2Hz0. As re- 
marked before, for EDTA the 63-4 species of this 
mechanism may still exist, whereas 42-2 is doubtful. 
For PDTA, the existence of 63-4 is less likely and for 
the other systems this species was not accepted by the 
computer program. This seems to mean that species 
of the “core + links” series for n > 1 become 
progressively less probable the longer the chain of the 
ligand. The same happens with the dimer 220, which 
is also favoured by ligands with shorter chains, 
namely EDTA and PDTA. This effect is expected 

Table 6. Hydrolysis constants of the UO*L complexes, defined in terms of the species 210 or 
111 [(A) 25”, O.lM KNOX; (B) 25”, l.OM KNOJ 

Ligand -log K;;; -log Kf;!, -log K;;!, -log K;;; -log K:& 

(B) 

(A) 

EDTA 
PDTA 
BDTA 
HDTA 

PDTA 
BDTA 
HDTA 

Reaction 

7.52 4.81 - 
7.83 4.89 - 
8.22 4.95 6.97 
7.98 5.65 6.68 
7.39 4.61 - 
8.18 5.26 - 
8.55 5.20 - 

I IIm=n=l IIm=n=2 

16.94 14.12 
16.73 13.61 
17.61 - 
17.73 - 

16.75 - 
18.35 - 
16.68 

IIm=2 IIm=3 
type 

I ZMHL.H,O + (MHLOH), + 2H. 
II mM,L.nH,O = (M,L),(OH)” + nH. 

n=4 ?I=4 
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because a longer chain length corresponds to an 
increased basicity of the ligands (nitrogen donors) 
and the resulting electron density in the uranyl ion is 
higher; the ionization of the water molecule bonded 
to the central atom becomes more difficult and so 
does hydrolysis. The same reason explains the de- 
crease of the hydrolysis constants (defined in terms of 
M,L or MHL) with increase in the chain-length of the 
ligands, i.e., with the basicity of their nitrogen atoms, 
as measured by pKHL values (Table 6). 

A final comment on these and similar results may 
be in order: although various sets of species may, in 
certain cases, be statistically possible, the comparison 
of a series of analogous systems can be of help to 
decide on the most probable set, particularly if and 
when they conform to chemical thinking. 
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Summary-Interlaboratory comparison studies provide a useful “external” supplement to the various 
“internal” quality-control procedures which must be employed in the water-analysis laboratory in order 
to maintain a high degree of reliability in the production of analytical results. Such studies have been made 
regularly for many years by various overseas organizations, and were introduced in South Africa in 1976. 
Since that time 16 studies have been made, involving more than 40 laboratories. In this paper the various 
factors involved in the successful organization of interlaboratory comparison studies are discussed, and 
details are given of the sample-preparation, analysis-instruction and result-reporting procedures used in 
the southern African studies. Techniques used for the statistical evaluation of the analytical results 
submitted are described and discussed, for example, methods for the rejection of outliers, measures of 
accuracy and precision, determination of total error, tests of significance, Greenberg’s assessment 
technique, Madden’s ranking technique and Youden’s graphical technique. A brief review is given of the 
studies made to date, along with specific findings and recommendations arising from them. The need for 
a recognized updated set of standard methods for use by water and wastewater analysis laboratories in 
southern Africa is highlighted. 

The main function of a laboratory engaged in water 
and wastewater analysis is the provision of data 
which indicate the concentrations and characteristics 
of constituents in water samples submitted to that 
laboratory. These data are often employed as the 
basis for important decisions concerning, for exam- 
ple, process control of water and wastewater treat- 
ment or the assessment of the value and progress of 
research investigations. It is essential, therefore, to 
ensure the reliability of all analytical results pro- 
duced. In order to achieve a high degree of reliability, 
effective quality-control procedures must be applied, 
for example, the use of appropriate sampling and 
sample-preservation techniques and recognized stan- 
dard methods of analysis, frequent calibration of 
apparatus, and the application of a regular system of 
data verification. 

An extremely useful “external” supplement to 
these “internal” quality-control procedures is the use 
of interlaboratory comparison (“calibration” or “cdl- 
laborative” or “round-robin”) studies, in which iden- 
tical reference samples are distributed to all par- 
ticipating laboratories for analysis for designated 
constituents, and submission of the results for statis- 
tical evaluation and comparison (the concentrations 
of the constituents of the samples are known only to 
the originator of the study). 

Interlaboratory comparison studies can be of con- 
siderable benefit to the laboratories taking part. As 
well as providing the means by which each laboratory 

can compare its ability with that of other laboratories 
in the production of acceptable results, the informa- 
tion gained can also enable the participants to assess 
the reliability of their particular analytical methods 
and to initiate improvements or alterations where 
necessary. Certain studies can also provide a mech- 
anism for evaluating the reliability of specific ana- 
lytical procedures. 

Comparison studies involving laboratories en- 
gaged in water and wastewater analysis have been 
made regularly for many years by various overseas 
organizations, for example, the U.S. Environmental 
Protection Agency, the Canada Centre for Inland 
Waters, the U.K. Water Research Centre and the 
National Swedish Environment Protection Board. 
Similar studies for southern African water-analysis 
laboratories, however, were not established until 
1976, when the National Institute for Water Research 
introduced a series of six studies, in which 16 invited 
laboratories participated (Table l).‘-’ 

On completion of this programme in 1978, it was 
decided to continue the studies on a larger scale, to 
include any laboratory engaged in water or waste- 
water analysis in South Africa, Namibia, or Zim- 
babwe, and interested in taking part. A second series, 
consisting of ten studies, involving 46 laboratories 
from industry, government and statutory or- 
ganizations, and various municipalities, was com- 
menced in 1979 and completed in 1982 (Table 2).&l* 

This paper describes the organization of the vari- 
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Table 1. Programme of studies (197678) 

Study 
No. Title Determinands 

No. of 
participants 

76/A,B Introductory study 

77/A 

77/B 

77/c 

78/A 

COD, pH and electrical 
conductivity analysis 
Nutrient analysis 

Mineral analysis 

Trace metal analysis 

78/B Boron, silicon, MBAS, 
cyanide, phenol, sul- 
phide, BOD, colour and 
turbidity analyses 

Chemical oxygen demand, total organic carbon, Kjeldahl, ammo- 
nia, nitrate and nitrite nitrogen, total and orthophosphate, chlo- 
ride, sulphate, fluoride, silicon, total alkalinity, pH, electrical 
conductivity, sodium, potassium, calcium, magnesium, cadmium, 
chromium, cobalt, copper, iron, lead, manganese, nickel, stron- 
tium, zinc, arsenic, mercury 
Chemical oxygen demand, pH, electrical conductivity 

15 

18 
Kjeldahl, ammonia, nitrate and nitrite nitrogen, total and ortho- 
phosphate 
Sodium, potassium, calcium, magnesium, chloride, sulphate, 
fluoride, total alkalinity 
(1) Mercury, cadmium, chromium, cobalt, copper, iron, lead, 
manganese, nickel 
(2) Zinc, aluminium, arsenic, selenium, beryllium, lithium, stron- 
tium, vanadium, barium, silver 

16 

16 

14 

Boron, silicon, Methylene Blue active substances, cyanide, phenol, 
sulphide, biochemical oxygen demand, colour, turbidity 14 

ous studies and the statistical evaluation of the results factors must be taken into consideration with regard 
obtained, and summarizes the findings and recom- to the organization of the study. 
mendations arising from these studies. (1) To be able to evaluate satisfactorily the methods 

ORGANIZATION OF THE STUDIES 
and and prepare written reports 

the results, originator (or of the 
an interlaboratory study to study should well-qualified and in 

duce results, a of important chemistry, especially water analysis, 

Study 
No. 

Table 2. of studies 

Determinands 
No. 

aarticivants 

79/A 

80/A 

80/B 

81/A 

81/B 

82/A 

82/B 

of a water and 
sewage effluent 

of the re- 
liability the COD 
Analysis of cations and 
ions 
Determination trace metals 

of trace in 
sewage 
Nitrogen and analysis 

Determination physical proper- 

Determination of hy- 
drocarbon in water 

of boron, 
fluoride, MBAS, cyanide 
and 
Analysis of drinking-water and 
mine drainage 

pH, electrical colour, turbidity, 
oxygen demand, Blue active Kjel 
dahl, nitrate and nitrogen, total 
phorus, orthophosphate, sulphate, fluoride, 

alkalinity, total residue, silica, 
cyanide, phenols, magnesium, potassium, 
dium, copper, manganese, zinc, 
mercury 
Chemical demand 

Calcium, potassium, sodium, sul- 
phate, alkalinity 
Cadmium, copper, iron, manganese, 
zinc, selenium, mercury 

cadmium, chromium, iron, lead, 
nickel, zinc 

ammonia, nitrate nitrite nitrogen, 
phosphorus, orthophosphate 

electrical conductivity, residue, colour, 
bidity 
Aldrin, DDD, DDE, heptachlor, 
chlordane 

silica, fluoride, Blue active 
phenols, cyanide, 

pH, electrical colour, turbidity, 
oxygen demand, ammonia, nitrate nitrite 
nitrogen, phosphorus, orthophosphate, 
sulphate, fluoride, alkalinity, total resi- 
due, calcium, magnesium, sodium, 
copper, manganese, zinc, 

44 

37 

47 

28 

20 

45 

42 

7 

31 

40 
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have a reasonable knowledge of the application of 
statistics. 
(2) The objective of the study should be clearly stated 
and understood. Clear, concise, unambiguous in- 
structions for performing the study must be issued, 
along with a suitable form for the recording and 
return of the required data. 
(3) Careful selection, preparation, preservation and 
packaging of the samples is essential. 
(4) Complete co-operation of the participating labo- 
ratories in adhering exactly to the instructions sup- 
plied must be enlisted. 

Samples 

More or less similar sample preparation pro- 
cedures were employed for all the studies involving 
the analysis of synthetic water samples. These sam- 
ples were generally prepared by dissolving the calcu- 
lated amounts of analytical-reagent grade chemicals 
(or standard metal solutions) in known volumes of 
demineralized distilled water containing, where appli- 
cable, the necessary preservative.” In the case of 
natural water samples, only the required preservative 
was added. Suitable aliquots of each sample were sent 
to each participating laboratory. 

The samples were contained in either 250-ml or 
500-ml polythene bottles, which, prior to addition of 
the sample solutions, had been treated, along with 
their plastic caps, as follows. 

(1) Soaking for a minimum of 24 hr in a lOO-ml/l. 
Decon cleaning solution, followed by rinsing with 
demineralized distilled water. 
(2) Soaking for a minimum of 24 hr in a lOO-ml/l. 
nitric or hydrochloric acid solution (depending on the 
constituents in the sample), followed by rinsing with 
demineralized distilled water. 
(3) Rinsing with sample solution. 

Instructions 

Each laboratory was supplied with a table detailing 
the constituents to be determined, along with the 
concentration range of each constituent in the sam- 
ple. For all studies to date, the participants were 
allowed complete freedom of choice as to the ana- 
lytical procedure to be employed. It was also re- 
quested that references to or brief details of the 
method used should be recorded along with the 
results in the data sheets provided. 

A period of one month was generally allowed for 
analysis of the sample and submission of the results. 
Complete anonymity was maintained by allocating to 
each laboratory, at the beginning of each programme 
of studies, a code number, which was known only to 
that laboratory and the co-ordinator of the study. 

STATISTICAL EVALUATION OF THE RESULTS 

On completion of each study, all the results submit- 
ted were first examined for the presence of “outliers”, 

i.e., results which deviate to such a degree from the 
other results in the same set that they are considered 
irreconcilable with the other data. Rejection of out- 
hers is often necessary in the evaluation of inter- 
laboratory comparison studies, but considerable care 
must be exercised, as the treatment of outliers is a 
somewhat controversial subject. Literature on their 
detection and rejection is relatively extensive, and 
includes a wide variety of suggested techniques, for 
example Dixon’s Q-test, 20,21 Cochran’s maximum 
variance test,*’ Grubb’s test,*’ Student’s t-test,*’ 
coefficient of variance test,*’ and coefficient of skew- 
ness test.*’ 

For simplicity and because it is recommended in a 
standard text on water analysis, the ASTM procedure 
for outlier rejection** was selected for application in 
these studies. In this method, a suspected outlier is 
tested by calculating its “T value”. If the T value is 
greater than that recorded in a table of critical values 
for T, the outlier may be rejected: 

(x.-X) T,, = ___ 
s 

where T, = T for the observation being tested, 
x, = individual value being tested, R = arithmetic 
mean of all values in the level containing x,, 
s = estimated standard deviation of the set of 
results. 

After the removal of outliers, the mean value of 
each set of results was then calculated, followed by 
the determination of simple measures of accuracy 
(mean error and relative mean error) and precision 
(standard deviation and coefficient of variation). For 
certain studies, the 95% confidence limits were also 
calculated. At this stage, an interim report, showing 
details of the results and statistical evaluations, was 
sent to all participants. An example of such a report, 
taken from study No. 77/B,3 is shown in Table 3. 

In almost all the studies involving the analysis of 
synthetic water samples, two sets of similar samples 
were sent to each participating laboratory, the sets 
containing the same constituents but in slightly 
different concentrations. This was to allow for use of 
Youden’s graphical technique of statistical evalu- 
ation. In this technique, a graph is prepared of the 
results for each constituent determined by each labo- 
ratory, the results from one sample being plotted on 
the x-axis and those from the other on the y-axis. 
The two scales must be subdivided in the same units. 
Thus for each laboratory’s pair of results, one point 
is produced, and is indicated by the code number of 
that laboratory. A horizontal line is then drawn 
through the mean of the values reported for the first 
sample and a vertical line through the mean of the 
values reported for the second sample. These two 
lines divide the graph into four quadrants (Fig. 1). 

Graphical representation of the data in this man- 
ner allows interpretation to indicate the overall per- 
formance of a laboratory, as well as the types of error 
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which may account for poor performance by a partic- 
ular laboratory. For example (Fig. l), points lying 
close to the intersection of the horizontal and vertical 
lines represent a high degree of accuracy (laboratories 
1 and 2), whereas distant points represent poor 
accuracy (laboratories 3 and 4). Points lying close to 
one line but far from the other demonstrate inconsis- 
tent performance (laboratories 5 and 6). Information 
on a participating laboratory’s precision may also be 
obtained from the graph. If all participants achieved 
perfect precision (i.e., no determinate error), but each 
had its own constant absolute bias, then all the paired 
points would fall in a 45” line passing through the 
origin (laboratories 1, 4, 7 and 8). Therefore, the 
distance of each laboratory’s point from this 45” line 
is indicative of the measure of that laboratory’s 
precision. Still further interpretation is possible for 
points lying far from the intersection of the horizon- 
tal and vertical lines. In theory, due to random or 
chance factors affecting the results, an equal number 
of points should fall into each of the four quadrants. 
In practice, however, this rarely occurs; most graphs 
of this nature show the majority of points falling in 
the upper right or lower left quadrants, suggesting 
that systematic errors consistently produce high or 
low results. Each quadrant identifies different effects 
which influence a laboratory’s results. In general, 
results in the upper right or lower left quadrants are 
indicative of the presence of systematic errors, for 
example poor instrument calibration, inaccurate 
standards and/or faulty technique. Results in the 
upper left or lower right quadrants are inconsistently 
affected, and may be due to human errors such as 
those caused by mistakes in the calculation, record- 
ing, or reporting of results.” An actual example of a 
Youden graph, taken from study No. 77/C4 is shown 
in Fig. 2. 

The results were then statistically assessed accord- 
ing to the method of Greenberg et a1.,24 viz. (i) results 
falling between the mean and f 1 standard deviation 
are acceptable; (ii) results falling between + 1 and f 2 
standard deviations are acceptable but questionable; 
(iii) results outside the limits of +2 standard devi- 
ations are unacceptable. 

An example of such an assessment, taken from 
study No. 77/B,3, is shown in Table 4. 

Finally, the values obtained from the assessment of 
the results according to Greenberg’s method were 
processed further by means of Madden’s “ranking” 
technique employed by the Oklahoma Water Re- 
sources Board in their laboratory certification pro- 
gramme. Each laboratory was allocated five points 
for every result within f 1 standard deviation of the 
mean, two points for every result between + 1 and 
+ 2 standard deviations, and no points for any result 
falling outside +2 standard deviations. The total 
number of points gained was then divided by the 
total number of analyses done, to give a quotient. 
The maximum quotient possible is 5.0. The laborato- 
ries were then ranked in order of the quotient 
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Example of Youden’s graphical technique for result evaluation.23 

obtained. An example of a ranked assessment, again 
taken from study 77/B,’ is shown in Table 5. 

In the Oklahoma laboratory certification pro- 
gramme, if all the determinands available are anal- 
ysed for by a particular laboratory, and that labora- 
tory obtains a quotient of greater than 2.5, it is 
certified “A” for unrestricted analysis. If a labora- 
tory analyses for all the available determinands and 
obtains a quotient of between 2.0 and 2.5 it is 
certified “R” for restricted analysis. If not all the 
determinands available are analysed for, and the 
laboratory obtains a quotient of greater than 2.0, is 

29. 

541 

is also certified “R”. If a laboratory obtains a 
quotient of less than 2.0, it is not given certification, 
and is regarded as being unable to submit to the 
Board “data relating to the discharge of industrial 
water and to natural water quality”.2s 

Quotients obtained by the 16 laboratories par- 
ticipating in the first programme of studies ranged 
from 2.9 to 4.7, with a mean of 4.0. In the second 
programme of studies the quotients obtained by the 
46 participants ranged from 2.7 to 4.5 with a mean 
of 3.8. In both studies, therefore, all the laboratories 
would have qualified for certification in terms of the 

x2 Sample 1 mean value 
.X5 

x 11 

I I I 

12 14 16 16 20 22 24 

Sample 2 (mg / L .I 
Fig, 2. Youden graph: magnesium results (Study 77/C). 
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Table 4. Study No. 77/B: statistical assessment of results according to method of Greenber$ 

Kjeldhahl Ammonia Nitrate Nitrite 
N N N N Total P Ortho P Totals 

Lab. 
No. a b c a b c a b c a b c a b c a b c a b c 

1 2--_2--_2--_2--2 

2 2--_2---**-_2-- 

4 2--2--ll-2--2 
5 ------ 2--1 l-- 
6 2--2---2-2--2 
7 -2-2--2--11-2 
8 -2--2--2--- 
9 11---211-2--2 

10 2--2--2---l*- 
11 2--2--2--2--- 
12 - 112--2--2--- 
13 2--2--11-2--2 
14 2--2--2--ll-- 
15 -- 22--2--2__- 
16 -2--2--- 

Totals 17 4 3 24 0 2 23 6 1 23 6 1 12 

- 2 - - 12 - - 
II--2 4 44 

-- 2--11 l- 
-- 2--5 l- 

-2--10 2- 
-- 11- 8 4- 
-- 2-- 8 __ 

-2-- 8 22 
- 6 1 1 

-2- 8 2- 
-- 11- 7 2 1 
-- 2--11 l- 
2-2-- 9 3- 

-- 2-- 8 -2 
-2 4 -2 

3 1 20 4 4 119 23 12 

a = Results between mean and k 1 standard deviation. 
b = Results between f 1 and f 2 standard deviations. 
c = Results outside f standard deviations. 

Oklahoma Water Resources Board certification pro- 
gramme. 

Other methods exist for ranking interlaboratory 
comparison-study results, for example, those of 
Thompson,26 Youden, and the National Environ- 
mental Research Centre, 26 but they are generally 
rather more complicated than the technique em- 
ployed in these studies. 

Where applicable, precision data obtained in the 
various studies were compared with those from 
similar overseas studies (mainly in the U.S.A. and 
Canada). In general, the comparison was favourable. 
However, in order to establish arbitrarily whether 
reasonable precision has been obtained in a particu- 
lar study, use may be made of an equation derived 
from a study by Horwitz of the results obtained in 

over 150 independent interlaboratory comparison 
studies.” The equation relates interlaboratory 
coefficients of variation with concentration, as fol- 
lows: 

CV(%) = 2” - 0.5 1% c) 

Where CV = coefficient of variation, c= 
concentration expressed in kg/l. 

To be acceptable, the coefficient of variation 
obtained in the study for a particular concentration 
should approximate to or be less than the value 
obtained from the general curve based on this 
equation (Fig. 3). 

In some studies, it was possible to apply “tests of 
significance” to the results; for example, in cases 
where two or more methods of analysis were 

Table 5. Study No. 77/B: ranked assessment of results according to method of 
MaddenZS 

Lab. No. of No. of 
Position No. a b c points analyses Quotient 

1 
1 
3 
3 
5 
5 
7 
8 
9 
9 
9 

12 
13 
14 
15 

Totals 119 23 12 641 154 

1 12 0 0 60 12 5.00 
8 8 0 0 40 8 5.00 
4 11 1 0 57 12 4.75 

13 11 1 0 57 12 4.75 
6 10 2 0 54 12 4.50 
5 5 1 0 27 6 4.50 

11 8 2 0 44 10 4.40 
14 9 3 0 51 12 4.25 
7 8 4 0 48 12 4.00 

15 8 0 2 40 10 4.00 
10 6 1 1 32 8 4.00 
12 7 2 1 39 10 3.90 
9 8 2 2 44 12 3.67 

16 4 0 2 20 6 3.33 
2 4 4 4 28 12 2.33 

Average = 
4.16 

a, b, and c as in Table 4. 
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Fig. 3. General curve relating interlaboratory coefficients of variation with concentration.*’ 

sufficiently employed to allow comparison of their 
accuracy by means of the f-test (which determines 
the significance of differences between the means of 
two sets of results), and of their precision by means 
of the F-test (which determines the significance of 
differences between the standard deviations of two 
sets of results).** 

Mention should also be made of one other statis- 
tical evaluation technique. In certain studies, partic- 
ularly those in which the reliability of particular 
analytical methods is being investigated, an evalu- 
ation which combines both the precision and the 
accuracy in an estimate of a “total error” can be used 
to judge the acceptability of a method: 

Total error (%) = (j2-V+2Fx100 T 

where F = arithmetic mean of the results, T = true 

value, s = estimated standard deviation of the set of 
results. Methods where the calculated value of the 
total error is less than 25% are rated as “excellent”; 
those where the value is greater than 25% but less 
than 50% are rated “acceptable”; and those where 
the value exceeds 50% are rated “unacceptable”.2g 

SPECIFIC FINDINGS AND RECOMMENDATIONS 

The information on analytical methods gained 
from the various studies has allowed a fairly compre- 
hensive picture to he built pp of the state of water 

analysis in southern Africa. It became evident early 
in the series that many of the laboratories involved in 
the studies were employing, for many determinands, 
a wide variety of both standard’932,30 and non- 
standard methods, as well as outdated standard 
procedures. The preparation of an updated recog- 
nixed set of standard methods for the analysis of 
waters and wastewaters was therefore recommended, 
and this task has been undertaken by the National 
Institute for Water Research. In the interim, a list of 
recommended methods of water analysis, based on 
those given in the latest editions of Standard Methods 
for the Examination of Water and Wastewater” and 
Methods for Chemical Analysis of Water and WasteP 
was drawn up and issued to the participating labora- 
tories, along with a list of recommended sampling 
and sample-preservation procedures, also given in the 
same texts.‘* Also included in the list were the recom- 
mended SI units and the form in which the concen- 
trations of the various determinands should be re- 
ported. The adoption of approved standard methods 
of analysis, units of concentration, and sample- 
collection and preservation procedures can 
significantly improve the reliability and compara- 
bility of the results obtained by water-analysis labo- 
ratories in southern Africa. 

Specific findings and recommendations made dur- 
ing the studies included the following. 

(1) Several laboratories initially submitted results 
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expressed as “trace”, “not detectable”, “nil”, or “0”. 
Such results are of little value. “Trace” and “not 
detectable” are practically meaningless unless accom- 
panied by further explanation. Results should not be 
reported as “nil” or “O”, but rather as less than the 
detection limit of the method used, for example, < 25 
pg/l., CO.01 mg/1.*,i7 

(2) A wide variety of digestion procedures was used 
for total Kjeldahl nitrogen and total phosphate deter- 
minations, which could result in varying degrees of 
effectiveness in the digestion process, particularly 
where significant quantities of organic nitrogen and 
organic phosphorus compounds were present.3JJ3J7 

(3) An examination of total alkalinity results 
showed that significantly higher values were obtained 
by laboratories using the indicator titration method 
than were obtained by laboratories using either the 
potentiometric titration or automated calorimetric 
techniques. In the case of laboratories employing the 
indicator titration method, the most accurate and 
precise results were obtained by those using the mixed 
Bromocresol Green/Methyl Red indicator. The high 
positive bias found could be attributed to the results 
submitted by laboratories using Methyl Orange as 
indicator.‘O 

(4) A few laboratories determined some of the trace 
metals, as well as boron and silica, by means of 
inductively-coupled plasma optical-emission spec- 
troscopy. The excellent results obtained are indicative 
of the value of this new, but as yet relatively ex- 
pensive, technique for trace element deter- 
~na~on~12.16.17 

(5) The recommended interference suppressants 
should be used in the flame atomic-absorption deter- 
mination of many of the major and trace metals 
routinely determined in water and wastewater, in 
particular calcium, magnesium, chromium, iron and 
manganese~4.5.10.1’.‘9,30.3’ 

(6) The use of similar interference suppressants was 
also recommended for the determination of metals in 
sewage sludge, as well as the use of background 
correction for metals such as cadmium, lead and 
nickel.r2 

(7) For purposes of standardization and com- 
parison, all electrical conductivity determinations 
should be done at the standard temperature of 
25 0,19,30 or, alternatively, the appropriate correction 
factor should be applied.2x8 

(8) Results of turbidity determinations should be 
reported only in nephelometric turbidity units (NTU) 
as recommended in the latest standard texts.6.**‘9.30 

(9) It was observed that several laboratories were 
still employing manoxol OT as the standard reference 
material in the determination of Methylene Blue 
active substances (MBAS). The use of linear alkyl- 
ate sulphonate (LAS) as the only standard reference 
material was recommended, as specified in Standard 
Met/zod~,‘~ since the detergent industry changed over 
in 1965 from the use of alkylbenzenesulphonate 
(ABS) to the more biodegradable LAS.6J6J9 

CONCLUSIONS 

It is hoped that these programmes of inter- 
laboratory comparison studies have been of assis- 
tance to the participating laboratories in assessing the 
effectiveness of their analytical procedures and the 
comparative reliability of the results obtained, and 
that the foregoing findings and recommendations will 
make a significant contribution to the achievement of 
a greater degree of standardization in methodology 
among water analysis laboratories in southern Africa. 

Similar comparison studies, in which any water or 
wastewater analysis laboratory in southern Africa is 
welcome to participate, will continue to be conducted 
at regular intervals. Future studies will also be 
concerned, inter alia, with method comparison and 
evaluation. 

Interlaboratory comparison studies such as those 
described in this paper can easily be adapted for use 
by any group of laboratories engaged in the analysis 
of a given type of material, for example food, phar- 
maceuticals, toiletries and detergents, soils, minerals, 
iron and steel, coal, and oil. 
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SHORT COMMUNICATIONS 

EXTRACTION-SPECTROPHOTOMETRIC DETERMINATION 
OF SMALL AMOUNTS OF BORON IN COPPER METAL 
AND COPPER-BASE ALLOYS WITH METHYLENE BLUE 

ZDENEK &!EK and VLASTA ~UDLAROVA 

Central Research Institute, Skoda Co., 316 00 Plzeii, Czechoslovakia 

(Received I November 1983. Accepted 19 January 1984) 

Summary-A sensitive and rapid spectrophotometric method for the determination of small amounts of 
boron in copper metal and some copper alloys is described. The method is based on the extraction of 
a BF;-Methylene Blue complex into dichloroethane after decomposition of the sample with hydrogen 
peroxide and sulphuric acid. The optimum reaction conditions and the influence of alloying elements have 
been investigated. Boron contents in the range 0.00-O. 1% can be determined with a relative error ranging 
from about 9 to 2%. 

Boron is not usually determined in pure copper and 
copper-base alloys, mainly because it is generally 
present only as an impurity, though in special cases 
it may be added to improve some property of the 
metal, e.g., grain refinement. Hence little attention 
has been paid to development of methods for the 
determination. Spectrographic methods are most 
commonly used for the purpose; the fluorimetric 
determination based on the boron-2+dihydroxy- 
benzophenone complex in sulphuric acid medium’ 
and the spectrophotometric method based on the 
boron-curcumin complex* can also be used. 

Here we propose use of the well-known tetra- 
fluoroborate_Methylene Blue method,‘-” which has 
been applied to boron determination in various types 
of inorganic materials, e.g., steels,4~8~9J0~‘2-17 alumi- 
nium,‘8,‘9 nickel alloyqzO and sediments and rocks.*’ 

For the sample decomposition we use hydrogen 
peroxide and sulphuric acid.****’ 

EXPERIMENTAL 

Apparatus 

Teflon separating funnels (100 ml) were used for extrac- 
tion. 

Reagents 

All reagents used were of analytical grade. 
Sulphuric acid. Concentrated, and a 2.5M solution. 
Hydrogen peroxide, 30%. 
Hydrofuoric acid, 5% v/v solution. 
Methylene Blue. A 0.002M solution, in water. 
1,2-Dichloroethane. Purification by double distillation is 

recommended. 
Standard boron solution, 0.100 mg/ml. Dissolve 0.572 g of 

boric acid in water and make up to lOOOm1. Before use, 
dilute to 10 ng/ml. 
General procedure 

Transfer 0.100 g of sample into a silica (or boron-free 
glass) tube (about 20 cm long and 1.5 cm internal diameter). 

For copper metal samples add 1 ml of 30% hydrogen 
peroxide and then 0.7 ml of concentrated sulphuric acid. 
Mix well and let the sample dissolve without application of 
heat. When the dissolution is complete (ca. 1 min) add 10 ml 
of water. For alloys containing iron (e.g., brass, bronze) use 
1 ml of 30”/, hydrogen peroxide followed by 2ml of 2.5M 
sulphuric acid and warm gently in a water-bath; when the 
samnle has dissolved. add 3 ml of 2.5M sulnhuric acid and 
5 miof water. For allsamples, next mix thoroughly and heat 
the tube in a water-bath (90-95’) for about 10min. After 
cooling, transfer the contents of the tube into a IOO-ml 
Teflon separating funnel, rinsing the tube with 5 ml of water. 
Add 5 ml of 5% hydrofluoric acid and mix again. Leave to 
stand at room temperature for 1 hr. Then add 5 ml of 
0.002M Methylene Blue and 25 ml of dichloroethane and 
shake the funnel vigorously for 1 min. Allow several minutes 
for the layers to separate, then drain the organic layer into 
a dry 25-ml beaker. Immediately transfer a 5-ml aliquot into 
a dry 25-ml standard flask and dilute to the mark with 
dichloroethane. Mix the contents and measure the absorb- 
ance at 660 nm in 5-mm or l-cm cells against a blank 
prepared in the same way with boron-free high-purity 
copper. 

Calibration graph 

Weigh six 0.100 g portions of boron-free high-purity 
copper into silica tubes and dissolve them as described in the 
general procedure. Add 0, 1, 2, 3, 4, 5ml of the standard 
IO-pg/ml boron solution and dilute each solution to 10 ml 
with water. Mix well, heat the tubes in a water-bath (9(t95”) 
for about 10 mitt, and complete by the procedure described 
above. 

RESULTS AND DISCUSSION 

Sample decomposition 

Nitrate and chloride interfere particularly strongly 
in the BFL-Methylene Blue method, mainly by in- 
creasing the blank. Therefore decomposition with 
hydrogen peroxide and sulphuric acid was examined. 
It was found that the sample dissolved very rapidly 
if the sulphuric acid was added after the hydrogen 
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Table 1. Analytical results for synthetically prepared standards 

Relative standard 
Boron added, Boron found, deviation,* 

Sample /@gig E?cglg % 
Pure copper - <2 - 
(99.995%) 10 9.8 8.6 

250 251 2.8 
500 504 2.4 

Copper metal - <2 - 
(99%) 10 10.4 9.1 

250 246 2.3 

CKD 312t <2 - 
(Sn 0.84%, Sb 0.23%, !& 21 1.6 
As 0.023%) 250 245 3.1 
CKD 292t - <2 - 
(Sn 12.84%, Pb 20 21 8.1 
0.54x, Ni 1.18%) 250 243 2.4 

500 493 2.3 

*For 5 determinations. 
tCKD = Czechoslovakian standard bronzes. 

peroxide to a sample in the form of fine chips. The 
use of dilute acid for decomposition of copper alloys 
containing iron is to prevent the fast catalytic 
decomposition of the hydrogen peroxide. Both de- 
composition methods are rapid and quantitative and 
give the proper acidity for the extraction. So far as we 
can tell, decomposition of any borides is also com- 
plete. For accurate determination, the decomposition 
should be done in silica, boron-free glass, or plastic 
ware (jolyethylene, polypropylene, Teflon). Any 
residual hydrogen peroxide after heating in the water- 
bath does not interfere in the formation of the 
BF;-Methylene Blue complex. 

Optimization of the reaction conditions 

The extraction of the BF;-Methylene Blue com- 
plex into dichloroethane has been studied in detail by 
a number of authors, so only certain aspects were 
investigated, viz. the formation of tetrafluoroborate 
in the presence of a large amount of copper( and 
optimization of the conditions for the boron deter- 
mination. 

It is known that the rate of formation of BF; is 
slow, and the conversion of borate into BF; is 
therefore the slowest part of the analytical procedure. 
The reaction can be accelerated by adding iron(III), 
which has a catalytic effect. However, it was found 
that in the presence of a large amount of copper(I1) 
the conversion takes only 15 min, and if iron(II1) is 
also present, it does not further increase the reaction 
rate. If the solution containing fluoride is left for 
more than 20 hr there is slight loss of boron (4% after 
24 hr) by volatilization of boron trifluoride. 

The reaction medium (type of acid used, acidity 
and the concentration of fluoride) has a significant 
influence on the formation of the BF; complex, and 
on the extraction of the BF;-Methylene Blue com- 
plex, and also on the blank value. The influence of the 
sulphuric and hydrofluoric acid concentrations and 

the volume ratio of the aqueous and organic phases 
(R) was investigated by factorial experiment. The 
importance of the three factors decreases in the 
order R > cHF > cH2so,. An increase in R or cn2so, 
( > 0.5M) decreases the extraction efficiency; 
mcreasmg cur increases the blank value. On the 
basis of the factorial experimentation, the optimum 
conditions are those given in the general procedure 
(R = 1:1, OSM sulphuric acid and 5 ml of 5% 
hydrofluoric acid used for the conversion). Under 
these conditions, the sensitivity is twice that for many 
other methods, the blank value is small and the 
results have good reproducibility. 

Zinc, tin, aluminium, lead, antimony and arsenic 
do not interfere at concentrations (w/w in the sample) 
of 30, 15, 10, 4, 1 and O.l%, respectively. If the tin 
content is greater than l%, the metastannic acid 
precipitate should be filtered off after the sample 
decomposition; any loss of boron is negligible. 

The calibration graph constructed by the method 
given is not linear and this must be taken into 
consideration in calculating the boron content if 
other aliquot volumes of sample solution are chosen. 

Accuracy and precision 

As standard samples of copper metal with certified 
boron content are not available, the method was 
validated by analysing synthetically prepared stan- 
dard and real samples of copper alloys containing 
small amounts of boron. 

The accuracy and precision established by spiking 
various types of copper metals and copper-base al- 
loys with known amount of boron after the sample 
decomposition are summarized in Table 1. Similar 
precision was found by repeated determination of 
boron in real samples of copper alloys containing 
boron (special welding electrodes). The relative stan- 
dard deviations were 2.3, 4.3 and 9.2% for 0.038, 
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0.006 and 0.0009% of boron, respectively. The de- 
tection limit (defined as three times the standard 
deviation of the blank) is 0.0002% B. 
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Summary-Hexacelsian has been determined by infrared spectroscopy with KBr discs and K,Fe(CN), as 
internal standard. A KBr particle size of ~40 pm gave better homogenization of the sample-KBr mixture 
than a particle size in the 40-70pm range. For determinations of hexacelsian in synthetic samples 
containing amorphous phase or celsian, calibration curves were constructed. A least-squares fit yielded 
correlation coefficients of 0.998 and 0.997. 

Hexacelsian, the hexagonal modification of barium 
feldspar (BaAl,Si,O,), is thermodynamically stable 
between 1590 and 1760”, but persists as a metastable 
phase up to 1590”.’ On heating of an equimolar 
mixture of kaolin and barium carbonate’” the first 
product of the reaction is an amorphous phase 
formed between 650 and 950”; from this amorphous 
phase hexacelsian crystallizes at about 1000” and 
finally, at > 1200”, celsian begins to be formed. 
Celsian is the monoclinic modification of barium 
feldspar, stable up to 1590”. 

Hexacelsian has a sheet-like structure3 consisting of 
SiO, and AlO, tetrahedra which form a double sheet 
parallel to the (0001) plane, with hexagonal sym- 
metry. Barium atoms occupy positions between such 
double sheets, with a co-ordination number of 12, 
holding the sheets together. Hexacelsian has a perfect 
cleavage parallel to the (0001) plane, where the 
double sheets with residual negative charges (due to 
replacement of Si by Al) are matched by Ba*+ ions. 
Accordingly, it shows a high tendency towards a 
preferred orientation when examined by X-ray 
diffraction. For this reason, the X-ray diffraction 
technique cannot be applied to the determination of 
hexacelsian. In this work, a method for determining 
hexacelsian by infrared spectroscopy is described. 

EXPERIMENTAL 

Standards of the phases found in a sample containing 
hexacelsian obtained by synthesis were prepared, i.e., the 
pure amorphous, hexacelsian and celsian phases. These pure 
phases were obtained from a standard equimolar mixture of 
kaolin and barium carbonate. The following raw materials 
were used: barium carbonate, analytical-reagent grade; 
kaolin, particle size <2 pm (from Lage, Spain), with the 
following chemical composition (in %): SiO,, 45.7; Al,O,, 
38.3; Fe,O,, 0.2; CaO, 0.2; MgO, 0.1; Na,O, 0.1; K,O, 0.1; 
weight loss at llOo”, 14.5. 

*To whom all correspondence should be addressed at: 
Departamento de Quimica InorgBnica, Facultad de 
Ciencias Quimicas, Dr. Moliner, 50, Burjasot, Valencia, 
Spain. 

The pure amorphous phase, hexacelsian and celsian were 
prepared by heating this mixture for 24 hr at 800, 1020 and 
1350”, respectively. 

In order to select the key band for determination of 
hexacelsian, infrared spectra of the three pure phases were 
obtained (Figs. l-3). The strong band at about 1220 cn-I 
produced by hexacelsian suffers minimum interference from 
other bands and was therefore selected for hexacelsian 
determination. 

The potassium bromide disc methodG8 was employed. 
The use of an internal standard eliminates the need for 
determination of sample thickness and makes preparation 
of the calibration graph easier. The strong, sharp band of 
potassium ferrocyanide at about 2100 cm-’ was used for 
this purpose. 

Sample treatment 

Sample particle size has a marked effect on absorbance in 
infrared spectrometry. 9.‘o To standardize the particle size 
distribution, the samples were ground by hand for 5 min in 
a porcelain mortar and then sieved with a 40-pm mesh sieve. 
Then about 10 mg of the fraction passing the sieve was 
placed in a small agate mortar, 5 drops of absolute ethanol 
were added, and the mixture was ground until just dry. This 
wet grinding was repeated twice more. 

Sample and internal standard concentration 

To minimize the relative error the absorbance should be 
in the range 0.2-0.8. Tests were made with different propor- 
tions of standard hexacelsian to potassium bromide to find 
the minimum and maximum proportions corresponding to 
this absorbance range. The same was done with the potas- 
sium ferrocyanide. The amount of KBr used for making a 
disc was also varied between 50 and 100 mg. 
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Fig. 1. Infrared spectrum of amorphous phase. 
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Fig. 2. Infrared spectrum of hexacelsian. 
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Fig. 3. Infrared spectrum of celsian. 

Use of a mixture of 2 mg of sample and 0.6 mg of 
potassium ferrocyanide per 100 mg of potassium bromide, 
and of about 50 mg of mixture per disc was found to be the 
most suitable combination, because it gives an absorbance 
in the optimum range, and mixing is easy. 

Analytical grade pdtassium bromide and potassium ferro- 
cyanide were used. The latter was ground in the same way 
as the samples and then dried at loo”. 

Previous experiments showed that a difference between 
particle sizes of matrix and sample affected the absorbance 
values measured. On the basis of these results, a potassium 
bromide fraction having particle size ~40 pm was used, and 
was heated at 450” for the time required to remove all 
residual water. This was monitored by means of the infrared 
spectrum and it was found that heating for 10 hr was 
sufficient for the water content to become negligible. The 
mixture was thoroughly homogenized with absolute ethanol 
in a planetary type ball mill for 1 hr. 

Preparation of discs 

About 100 mg of sample-matrix mixture was homogen- 
ized in a small agate mortar for 30 min. About 50 mg of this 
mixture was pressed into a disc 13 mm in diameter. The 
force on the plunger was 9.5 tons, maintained for 2 min. 
Two discs were prepared and two values of absorbance 
measured, the difference indicating the degree of homogen- 
ization. 

Operating conditions 

Measurements were made with a Pye Unicam IR-SP 2000 
double-beam spectrophotometer in the range 1000-1400 
cm-’ for hexacelsian and 18OCk24OOcn-’ for the internal 
standard. Spectra were recorded with a linear absorbance 
scale, so a reproducible zero setting was achieved and the 
absorbance could be measured directly on the spectrum. 
Normal slit-width, a scanning speed of 95 cn-‘/min and a 
time constant of 10 set were selected. 

The absorbance was measured from the band maximum 
to a base-line drawn tangentially to the spectrometer trac- 
ing, at 1215 cm-’ for hexacelsian and 2060 cm-’ for the 
internal standard. 

Calibration graphs 

Samples containing hexacelsian can also contain either 
amorphous phase or celsian. Calibration graphs for both 
types were obtained by use of standard mixtures of the pure 
phases: amorphous phase-hexacelsian and celsian-hexa- 
celsian. About lOO-mg quantities of standards containing 
10, 20, 30, 40, 50, 60, 70, 80 and 90% of hexacelsian were 
prepared. They were mixed by grinding in a small agate 
mortar, first in the dry form for 30 min and then (three 
times) to dryness after addition of 0.5 ml of absolute 
ethanol. 

By the procedure described above, two discs of each 
calibration sample were prepared. On the corresponding 
infrared spectra, the absorbances at the wavenumber for the 
hexacelsian maximum, A,, and that for the ferrocyanide 
standard, A,, were measured. The ratio, AH/As, for each 
disc, and the average ratio for each sample, &$&, were 
calculated. The two calibration curves were constructed by 
plotting (Z&J&) vs. concentration of hexacelsian (H) ex- 
pressed as mg of H per 100 mg of KBr. The linearity of both 
plots shows that the Beer-Lamb& law is obeyed. Least- 
squares analysis yielded correlation coefficients of 0.998 for 
samples containing amorphous phase and 0.997 for those 
containing celsian. 

Points corresponding to samples containing low per- 
centages of hexacelsian are not used because the broad 
intense absorption band, either of amorphous phase or of 
celsian, near the analytical band, interferes by its effect on 
the base-line on the low wavenumber side. The highest 
interference is observed in samples containing hexacelsian 
and amorphous phase, because the band of the amorphous 
phase overlaps the analytical band to a greater extent than 
the band of celsian does. 

RESULTS AND DISCUSSION 

The method of quantitative analysis described in 
this paper has been applied to samples obtained by 
heating equimolar mixtures of kaolin and barium 
carbonate at temperatures from 900 to 1200” for 6 
hr,” and also to the kinetic study of hexacelsian 
formation and the hexacelsian+ celsian phase transi- 
tion.‘* 

In the analysis of samples, A, and A, were mea- 
sured and the AH/As ratio was calculated for each 
disc. The least-squares fitting of the ?i’&& values and 
mg of H per 100 mg of KBr for the calibration 
standards was made by a computational program 
that also handled the measured AH/As values for the 
test samples (obtained in the same measurement 

session) to output the mg of H per 100 mg of KBr 
ratios for the samples. The mg of sample per 100 mg 
of KBr ratio was known from the quantities used in 
preparing the discs. The ratio of the hexacelsian 
content of the unknown samples (mg of H/ 100 mg of 
KBr) to the weighed amount of these samples (mg of 
sample/l00 mg of KBr) gave the hexacelsian/sample 
weight ratio. This proportion, compared with the 
theoretical value calculated from the reaction equa- 
tion, assuming a maximum yield of 100x, gave the 
degree of conversion. For each sample, the average of 
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the values for the two discs was taken. This allowed 
the rate of formation of hexacelsian from the amor- 
phous phase to be found, and also the extent of 
conversion of hexacelsian into celsian, when the 
samples analysed had been heated in the temperature 
range in which this transition took place. 

To study the reproducibility, twelve pellets of an 
equimolar mixture of kaolin and barium carbonate 
were heated, all at the same time, at 1000” for 6 hr. 
From ten of them the corresponding individual 
sample-matrix mixtures were prepared. From each of 
the other two, eight sample-matrix mixtures were 
prepared. The standard deviations obtained in the 
analyses were 1.6% hexacelsian for the 10 separate 
samples identically synthesized, 1.3% hexacelsian for 
the 8 mixtures of one sample, and 1.4% for the 8 
mixtures of the other sample. The standard devi- 
ations were also calculated for the duplicate discs 
obtained from each sample-matrix mixture. The 
average value for these standard deviations was 0.8% 
hexacelsian. 

CONCLUSIONS 

A particle size of < 40 pm should be used, because 
it gives better homogenization than the 40-70 pm size 
range recommended earlier. The results obtained 
show the importance of using, for the calibration 
samples, a matrix as similar as possible to that 
present in the samples to be analysed, because of the 
partial overlap of the spectral bands of matrix and 
analyte. 

The method has the advantages of small sample 
size, easy handling and reproducibility of sample 
preparation. It provides a method of analysis for 
those cases, such as hexacelsian, where the X-ray 

diffraction technique cannot be applied. Although the 
method has been described for the specific case of 
samples obtained by synthesis and which can there- 
fore contain amorphous phase or celsian, the method 
can be applied to any sample containing hexacelsian. 
Furthermore, the lower limits to the determination of 
hexacelsian in the presence of amorphous phase 
(> 30%) or of celsian (> 15%) are reduced where 
these two phases are not present. In order to apply 
the method to other samples the effect of the matrix 
must be taken into account, and if the hexacelsian 
content is < 10% then the sample size must be 
increased above the 2 mg per 100 mg of KBr recom- 
mended here. 

1. 

2. 

3. 

4. 

5. 

REFERENCES 

M. C. Guillem Villar, C. Guillem and V. Lambies, Bol. 
Sot. Esp. Ceram. Vi&o, 1982, 21, 239. 
M. C. Guillem Villar, C. Guillem and J. Alarcon, Trans. 
Br. Ceram. Sot., 1983, 82, 69. 
B. Yoshiki and K. Matsumoto, J. Am. Ceram. Sot., 
1951, 34, 283. 
C. N. R. Rao, Chemical Applications of Infrared Spec- 
troscopy, pp. 62, 533, 585. Academic Press, New York, 
1963. 
M. Avram and Gh. D. Mateescu, Spectroscopic In- 
frarouge, pp. 159, 174. Dunod, Paris, 1970. 

6. A. L. Smith, Applied Infrared Spectroscopy: Funda- 
mentals, Techniques and Analytical Problem-Solving, p. 
77. Wiley, New York, 1979. 
J. J. Kirkland, Anal. Chem., 1955, 27, 1537. 
Idem. ibid.. 1957. 29. 1127. 

7. 
8. 
9. 

10. 

11. 

12. 

W. hi. Tuddenham and R. J. P. Lyon, ibid., 1960,32, 
1630. 
V. C. Farmer and J. D. Russell, Spectrochim. Acta, 
1966, 22, 389. 
M. C. Guillem Villar, C. Guillem and P. Escribano, 
Trans. Br. Ceram. SOL, 1983, 82, 197. 
M. C. Guillem Villar, Doctoral Thesis, University of 
Valencia, Spain, 1982. 



Talunta, Vol. 31, No. 7, pp. 553-555, 1984 0039-9140/84 $3.00 + 0.00 
Printed in Great Britain. AU rights reserved Copyright 0 1984 Pergamon Press Ltd 

UREA AS THE BASIC COMPONENT IN PYRIDINE-FREE 
KARL FISCHER REAGENT 

M. Bos 
Department of Chemical Technology, Technical University Twente, P.O. Box 217, 7500 AE Enschede, 

The Netherlands 

(Received 6 December 1983. Accepted 18 January 1984) 

Summary-A solution of urea, sulphur dioxide and sodium salicylate in methanol is proposed as the 
solvent in the Karl Fischer titration, with a separate iodine solution as titrant. Comparison of the 
performance of this solvent with that of some commercial reagents shows that it is has distinct advantages 
for use with amine samples. 

Since the elucidation of the reaction mechanism of 
the Karl Fischer titration by Verhoef and Baren- 
drecht,‘,’ a number of compounds have been pro- 
posed to replace the pyridine in the classical reagent, 
viz. sodium acetate,3 diethanolamine4 and imidazole.5 
These components serve, as the pyridine did, to buffer 
the titration medium at a pH-value that ensures a 
convenient overall titration rate and a stable end- 
point. Other criteria that determine the usefulness of 
the reagents are the long-term stability of the solution 
and the number of classes of compound for which the 
water determination can be done without problems. 

The goal of the investigation described here was 
the preparation of a new reagent that-just like the 
original pyridine-containing reagent-would have its 
buffering action in a more acidic range than that of 
the reagents mentioned above. 

EXPERIMENTAL 

Reagents 

The following substances were used as received: urea 
@miss. p.a.), triethanolamine @miss. p.a.) and imidazole 
(purum) from Fluka, sodium salicylate (zur Analyse) from 
Merck, triethylamine (puriss.) from Koch-Light, salicyclic 

acid from ACF, sulphur dioxide from Matheson, and the 
sodium salt of benzenesulphinic acid from Janssen. The 
methanol used to prepare the Karl Fischer solvents was 
reagent grade from Baker, and dried with 3A molecular 
sieve (Union Carbide) for 24 hr before use. The lithium 
chloride (Merck, Suprapur) was dried for 24 hr at 150”. 

The commercial Karl Fischer solvents used were Karl 
Fischer Liisung A (Merck, Pyridin Schwefeldioxid Losung), 
Karl Fischer Liisungsmittel Pyridinfrei (Merck) and 
Hydranal solvent (Riedel-de Haen). 

Apparatus 

The titrations were done with Radiometer Karl Fischer 
titration eouioment consisting of the Karl Fischer titration 

1 I 

assembly TT-Al-KF, titratoi TTTlIb and mV/pH-meter 
PHM28. The pH of the titration medium was measured with 
a Knick pH-meter, type PH60, and an Ingold combined 
glass/reference electrode, type 405, of which the reference 
electrode compartment was filled with a saturated solution 
of lithium chloride in methanol. The electrode was cali- 
brated with methanolic solutions of salicylic acid and 
sodium salicylate as described by Bos and Lengton.6 

Procedure 

The titration procedure is based on the separate 
titrant/solvent-reagent system and was performed as fol- 
lows. The titration vessel was filled with 20 ml of the reagent 
under study @Or/base/methanol) and pretitrated with the 
iodine/methanol titrant to a preset end-point (300 mV) with 

Table 1. The amount of water that can be titrated in 20 ml of reagent, 
and the resulting pH-change 

Water capacity, 
Reagent pa-change mg 

Karl Fischer (Verhoef) 
Hydranal (Riedel-de 

Ha&) 
Karl Fischer Lasung 

A (Merck) 
1M Imidazole/ 

0.5M SO,/MeOH 
1.5M Urea/l.SM SO,/ 

0.5M Na salicylate/MeOH 
0.5M Urea/O.SM Na 

benzenesulphinic acid/ 
1M SO,/MeOH 

0.5M Triethylamine/ 
0.5M triethanolamine/ 
IA4 SOs/MeOH 

5.0-2.1 55 
5.6-2.6 130 

4.2-1.2 250 

6.7-4.7 100 

1.6-0.9 140 

2.1-0.9 90 

9.0-7.0 110 
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Table 2. Long-term stability of Karl 
Fischer solvent with composition 1.5M 
urea/0.5A4 Na salicylate/l.5M SO,/ 

MeOH 

Water content of 
Storage time, 20 ml of solvent, 

weeks mz 

- 4.63 
1 4.64 
2 4.63 
3 4.65 
4 4.70 
5 4.82 
6 4.91 
7 5.03 
8 5.25 
9 5.39 

Table 3. Titration speed and pH-change for the titration of 
100 mg of water in 20 ml of urea/Na salicylate/SO,/ 

methanol reagent 

[UreaI, [Salicylate], [SO,], 
M M M pH-change 

1.0 0.5 1.0 1.8-0.9 10.0 
1.2 0.5 1.0 1.7-1.0 8.5 
1.4 0.5 1.0 1.7-1.0 7.0 
1.6 0.5 1.0 1.8-1.0 6.0 
1.8 0.5 1.0 1.91.0 5.5 
2.0 0.5 1.0 1.9-1.0 5.0 
1.4 0.5 1.5 1.6-1.3 7.5 
1.6 0.5 1.75 1.6-1.3 5.0 
1.8 0.5 2.0 1.7-1.3 4.0 
2.0 0.5 2.25 1.7-1.3 3.8 

Titration 
time, 
min 

Table 4. Comparison of 1.5M urea/0.5M Na salicylate/l.5M SO,/MeOH with commercial Karl Fischer 
solvents 

H,O found, % remarks 

Sample Hydranal 
KF Losungsmittel 

pyridinfrei (Merck) 
Urea/Na salicylate/ 

SOJMeOH 

Na tartrate.2H,O * 15.65 15.64 15.64 
2aq. 

acetone 

methyl acetate 

ethanol 

acetic acid 

chloroform 

diethyl ether 

dimethylformamide 

petroleum ether 

n-butylamine 

n-dibutylamine 

tributylamine 

quinoline 

benzylamine 

precipitate 
when > 250 mg 
sample added 

no results, owing 
to ketal 
formation 

0.0597 

0.0718 

0.0593 
dragging end-point 
with increasing 
number of samples 

0.00989 
large variations 
in results 

0.0424 
accurate results 
after 3 samples 

0.0343 
solvents turns 
dark 

no results, owing 
to precipitation 

no results 
strongly 
dragging end-point 

0.619 
inaccurate, 
dragging end-point 

0.166 
inaccurate, 
dragging end-point 

0.160 

1.30 
inaccurate, 
dragging end-point 

no results, owing 
to ketal 
formation 

0.060 

0.0720 

0.0643 
dragging end-point 
with increasing 
number of samples 

0.0100 
no problems 

0.0441 
first determination 
inaccurate 

0.0359 
solvent turns 
dark 

no results, owing 
to precipitation 

2.30 
dragging end-point 

0.00903 
precipitation only 
after 4 g of 
sample added 

2.29 
stable end-point 

0.462 
first determination 
inaccurate, 
somewhat dragging 
end-point 

0.115 
dragging end-point 

0.451 
no problems 

0.105 
no problems 

0.151 0.148 

1.20 1.21 
no problems no problems 

no results, owing 
to ketal 
formation 

0.0585 

0.0719 

0.0665 
dragging end-point 
with increasing 
number of samples 

0.0107 
no problems 

0.0474 
first determination 
inaccurate 

0.0346 
slight darkening 
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the bipotentiometric detection system, operated with a fixed 
current in the range 2-3 PA. The value of 300 mV should 
persist for at least 20 sec. After this pretitration the water- 
containing sample was introduced into the titration vessel 
and the titrator was started again. 

The short-term stability of the reagent was checked by 
measuring the iodine &rant consumption after the stop 
criterion of the titration was met, by continuing the titration 
in the “no stop mode”. The iodine/methanol reagent was 
standardized against weighed samples of pure water. The 
long-term stability of the reagent was checked by period- 
ically measuring the amount of iodine titrant consumed in 
the pretitrations. 

RJmJLls 

Table 1 shows the amount of water that can be 
titrated in 20 ml of solvents of various compositions, 
together with the change in pH that accompanies the 
process. 

A solvent with the composition lit4 urea/ljU 
SO,/methanol gave inaccurate results because the 
reaction proceeded very slowly, and was not studied 
any further. 

As can be seen, the urea/sodium salicylate/ 
SO,/methanol mixture is the most acidic of the 
reagents tested and the only one that shows overlap 
in pH-range on the acidic side with the classical 
pyridine/S02/methano1 reagent as manufactured by 
Merck. The amount of water that can be titrated in 
20 ml of this reagent compares favourably with that 
for the commercial products not containing pyridine. 

The urea/sodium salicylate/SO,/methanol mixture 
was investigated somewhat further with regard to its 
stability on storage (Table 2) and with regard to the 
influence of the concentrations of its constituents on 
the speed of the titration (Table 3). 

Table 2 shows that the stability on storage is rather 
good. No significant increase in the water content of 
the reagent was observed during the first 4 weeks of 
storage at room temperature, and only a minor 
increase after that period. 

From Table 3 it can be seen that an increase in the 
concentrations of urea and sulphur dioxide consid- 
erably speeds up the titration of 100 mg of water. At 
concentrations of urea and sulphur dioxide above 
l.SM the gain in titration speed levels off. This 
composition seemed a good compromise between 
reagent cost and titration speed and was compared 
with two commercial products in the consecutive 
titration of a number of actual samples of different 
chemical classes (Table 4). All titrations were per- 
formed with 20 ml of reagent as solvent. The sample 
size varied between 1 and 4 g, depending on the water 
content. For the entries marked “no problems” in 
Table 4, the reproducibility was better than f 1%. 

In general the results obtained with the urea- 
containing reagent are comparable with those ob- 
tained with the commercial reagents. However, for 
the amine samples there is a significant difference; 
these can only be titrated successfully in the urea- 
containing reagent. It is likely that this is due to the 
more acidic nature of this reagent. The effect of 
varying the sodium salicylate concentration was not 
examined, since the OSM concentration initially used 
seemed suitable enough. 
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SOLVENTS BY A SPECTROFLUORIMETRIC METHOD 
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Summary-A new method for the spectrofluorimetric determination of water in organic solvents has been 
developed. It is based on formation of the exciplex of pyridoxal with water. The procedure is sensitive, 
reproducible and useful for the determination of trace water in cyclohexane, petroleum ether, benzene, 
carbon tetrachloride, diethyl ether, tetrahydrofuran, dioxan, etc. The solubility of water in benzene at 
various temperatures has been determined. 

Many methods have been developed for deter- 
mination of water in organic solvents. The early 
methodsI suffered from certain limitations and lack 
of precision and accuracy. The modern methods, 
such as the isotope-dilution method,5-7 the infrared 
difference-spectroscopy methods and chromato- 

graphy, 9~‘o have greatly increased the accuracy, 
and the results obtained by different methods have 
become more and more consistent. These methods 
involve some quite complicated procedures, however, 
which limits their application. The widely used Karl 
Fischer method has certain shortcomings in trace 
analysis. In order to extend the work in this area, a 
new spectrofluorimetric method has been developed 
for the determination of trace water in organic sol- 
vents, and is presented here. It is based on the 
formation of an exciplex ” between pyridoxal and 
water. The method is characterized by its simplicity, 
sensitivity and accuracy. Representative solvents 
examined include cyclohexane, petroleum ether, 
benzene, carbon tetrachloride, diethyl ether, tetra- 
hydrofuran, dioxan, ethanol and methanol. The 
solubility of water in benzene at various temperatures 
has been determined. 

Reagents 
EXPERIMENTAL 

The organic solvents used were preliminarily treated by 
addition of a molecular sieve, shaking for 3 hr in a vibrator 
and standing for about 2 weeks. The pyridoxal (PL) solution 
(5 x lo-‘M) was prepared by dissolving pyridoxal hydro- 
chloride in methanol. A standard solution of water was 
prepared by adding redistilled water to the dried solvent 

with a miniature injector. All reagents were of analytical 
grade. 

Procedure 

To 4.75 ml of organic solvent containing water add 
0.25 ml of pyrldoxal solution in methanol, and mix thor- 
oughly. Let stand for 30 min at room temperature, then 
measure in a l-cm quartz cell with a suitable 
spectrofluorimeter. 

RESUL’IS AND DISCUSSION 

Excitation and emission spectra 

Pyridoxal has an excitation maximum at about 
305 + 5 nm and an emission maximum at 330 nm. 
When trace water is present in the solvent, a new 
maximum may appear at 385 + 5 nm in the emission 
spectrum and show a small bathochromic shift with 
increase in the solvent polarity, except for dioxan and 
diethyl ether (Table 1). 

Figure 1 shows the excitation and emission spectra 
for tetrahydrofuran (THF) medium. The new emis- 
sion band at 385 nm was considerably enhanced by 
increase in the amount of water, and the fluorescence 
intensity of pyridoxal at 330nm was decreased. 

In the case of carbon tetrachloride, however, no 
new emission band appeared when water was intro- 
duced and only the decrease in fluorescence intensity 
at 330 nm was observed. 

It appears that the new emission band results from 
the interaction of pyridoxal and water, presumably to 
form an exciplex, [PL. H,O]*. 

Table 1. Maximum emission wavelength in PL-H&)-solvent systems 

Solvent* 1 2 3 4 5 6 7 8 
Dielectric 
constant 2.023 2.284 - 7.58 2.209 4.34 24.30 32.63 
(20”) 
1 nm 380 380 385 maxr 385 390 390 390 390 

*l, cyclohexane; 2, benzene; 3, petroleum ether; 4, tetrahydrofuran; 5, dioxan; 6, diethyl ether; 7, 
ethanol; 8, methanol. 
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260 300 340 360 420 

XC nm) 

Fig. 1. Excitation (a) and emission (b) spectra of 
PL-H,O-THF. Water concentration, % v/v: (1) 0; (2)-(6) 

0.050/,1.0~/,; c,: 2.5 x 10-“&f. 

PYRIOOXAL CONCENTRATION 

(x104Mw) 

Fig. 2. Effect of pyridoxal concentration. 

Effect of pyridoxal concentration 

The calibration graphs based on the fluorescence at 
385 f 5 nm are linear, but the sensitivity (slope) 
depends on the solvent, and decreases in the order: 

cyclohexane > petroleum ether > benzene 

> diethyl ether > tetrahydrofuran 

> dioxan > ethanol > methanol 

The pyridoxal concentration affects the fluores- When the pyridoxal concentration is 2.5 x 10e4M, 

cence intensity. Figure 2 shows that for maximum the relative sensitivities are given in Table 2. 

fluorescence intensity a pyridoxal concentration of It can be seen from Table 2 that the sensitivity in 

2.0-3.0 x 10-4M is optimal. aliphatic hydrocarbons is much higher than that in 

Pyridoxal has very low solubility in non-polar 
organic solvents, and it is necessary to add a small 
amount of methanol or ethanol to ensure dissolution 
of the pyridoxal added. Nevertheless, the amount of 
methanol should not be too large, or it will decrease 
the sensitivity for the determination of water. 

Table 3. The solubility of water in benzene (ppm, w/w) 

T, “C 20 25 30 35 40 45 

608 723 859 1011 1164 - 
600 745 847 951 - - 

::; 616 637 739 727 859 871 1021 1043 1178 1252 1334* - 
(5) 607 719 847 1003 1131 1342 
n 4 4 4 5 4 5 
RSQ% *2 +3 *2 *1 +4 +4 

Table 2. Relative fluorescence intensity (RFI,%) of re- 
sponse of PL-H,O-solvent 

Solvent* 1 2 3 4 5 6 I 8 
RFI,O/, 100 98 73 26 18 10 5 1 

‘1, cyclohexane; 2, petroleum ether; 3, benzene; 4, diethyl 
ether; 5, tetrahydrofuran; 6, dioxan; 7, ethanol; 8, . 
methanol. 

(1) A.&IO, method; (2) isotope-dilution method; (3) in- 
frared difference-spectroscopy method; (4) gas chro- 
matography method; (5) present method; n = number of 
4. . . . aerernunauons. 

*This value was measured at 43.78”. 

WATER CONCENTRATION ( % v/v 1 

Fig. 3. Effect of pyridoxal concentration in benzene, C,,: 
(1) 2.5 x 10-4M; (2) 3.5 x 10-4M; (3) 4.5 x 10-4M. 

Equilibration time 

It takes only 30 min from the addition of pyridoxal 
for the fluorescence spectra to become stable, and 
there is then no change in excitation and emission 
spectra or fluorescence intensity for at least 24 hr, at 
room temperature. 

Calibration graph 
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benzene, ether and alcohols, which is in keeping with 
the order of solubility of water in these solvents. In 
other words, the higher the solubility of water, the 
lower the fluorescence sensitivity. For instance, the 
lowest limit of determination of water is 10 ppm (v/v) 
in cyclohexane, 20 ppm in benzene, 500 ppm in 
methanol and so on. 

The linearity was examined up to water concen- 
trations (% v/v) of 0.06, 0.04, 0.15, 0.20, 1.0, 1.0,2.0, 
2.0 respectively for the eight solvents listed in Table 
2. In the case of carbon tetrachloride, the decrease in 
fluorescence intensity of pyridoxal at 330 nm may be 
used to determine the water content. 

The pyridoxal concentration affects the range of 
linearity: the larger the concentration of pyridoxal, 
the wider the linear range for water (Fig. 3). 

Determination of solubility of water in benzene 

As an application of this method, the solubility of 

water in benzene at various temperatures was deter- 
mined. Table 3 shows the results and the values 
reported in the literature.’ 
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ANALYTICAL DATA 

THE pK, VALUES OF THE CONJUGATE ACID OF 
IMIDAZOLE IN WATER-ETHANOL MIXTURES 
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Summrrry--The pK, values of protonated imidazole in 10 different water-ethanol mixtures were 
determined at 25” by potentiometric titration in a cell without liquid junction (glass and silver-silver 
bromide electrodes). The pK, values can be used in a standardization procedure that allows determination 
of pK, values for protonated organic nitrogen bases in aqueous ethanol. 

For determination of the pK, values of the conjugate 
acids of organic bases in non-aqueous solvents, either 
appropriate buffers of known pH or standard com- 
pounds with known pK, values in the solvents are 
necessary. In the second case the pK, values can be 
calculated from the expression’ 

pK,i = PH,, + PK,~ - PH, 

where pK,, and pK,, are the pK, values of the sample 
(i) and standard (s) and pH, is the pH reading at the 
degree of titration x = C,,, V,,/C, V, (where C,, is the 
initial concentration of the sample, V, the initial 
volume of titrand, and CHA and VHA are the concen- 
tration and volume of added titrant) for the sample 
(pH,,) and standard (pH,J respectively. 

For many organic bases the pK, values of the 
conjugate acids in various water-ethanol solutions 
can be found in the literature, but unfortunately there 
is much inconsistency in the data. To study the 
influence of various solvents on the sensitivity of the 
basicity of organic bases to substitution effects, all the 
data must be related to a single standard. The pK, 
values for this standard in the solvents concerned 
should be determined under the same conditions and, 
if possible, in one laboratory. Such a procedure 
should ensure self-consistent results, because system- 
atic errors ought to be the same for all the solutions. 

In the course of our study on the influence of 
substitution on basicity of amidines and related com- 
pounds, 24 imidazole was chosen as a convenient 
standard. It is commercially available, can be easily 
purified by recrystallization and is stable enough to 
be stored. It is very convenient as a standard for 
determination of the basicity of such compounds as 
amidines, guanidines and heterocyclic compounds 

*Author for correspondence. 

containing the 

I 
-N=C-N: 

group, because the protonation of imidazole also 
occurs on the imino-nitrogen atom of this group, and 
therefore any unpredictable effects due to change of 
solvation in different solvents are comparable and the 
resulting errors minimized. 

EXPERIMENTAL 

Reagenis 

Water-ethanol mixtures were prepared by mixing appro- 
priate weights of analytical grade azeotropic rectified spirit, 
fractionally distilled before use, with water that had been 
twice distilled in quartz apparatus. The sodium carbonate, 
sodium bromide, perchloric acid (60%) and imidazole used 
were of analytical grade. 

Procedure 

All pH values were measured with a Radiometer PHM 
64, with a constant temperature cell without liquid junction, 
equipped with a glass electrode (GE) and silver-silver 
bromide electrode: 

GE 1) 0.1 M (imidazole + HCIO, + NaBr); 

water-ethanol I( Ag-AgBr 

The 50-ml samples contained about 0.5 mmole of imidazole 
in O.lM sodium bromide. Silver-silver bromide electrodes 
were prepared by immersion of a cleaned 0.1 -mm diameter 
silver wire for 30 min in aqueous ferric bromide solution, 
rinsing, drying in air and then aging for at least two days 
in aqueous potassium bromide solution. 

The titrant was prepared by dilution of 1.1 ml of 60% 
perchloric acid with 98.9 ml of 0.1 M sodium bromide in the 
water-ethanol mixture to be used for the determination; it 
was standardized by potentiometric titration of sodium 
carbonate in water. 

RESULTS AND DISCUSSION 

To obtain reliable results some precautions were 
taken. To prepare water-ethanol mixtures, redistilled 
rectified spirit was used, because it does not contain 
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Table 1. Experimental data for titration of 
imidazole in 95.60/, ethanol 

v, 
ml 

1.5 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.5 
4.0 
8.0 
8.2 
8.4 
8.8 
9.0 
9.5 

10.0 

E, 
mV 

-257.3 
- 265.3 
- 270.1 
-274.8 
-279.0 
-283.1 
-287.1 
-291.3 
-302.5 
-315.0 

EO* 
,“G 

-633.5 
-633.5 
-631.8 
-632.1 
-632.8 
- 629.0 
- 629.4 

Nat 
5.965 
5.947 
5.940 
5.932 
5.931 
5.930 
5.929 
5.929 
5.933 
5.959 

*Mean value 632.1 + 1.1 mV. 
tMean value 5.94 5 0.01. 

the impurities which may remain from preparation of 
so-called “absolute alcohol”. Also, its azeotropic 
composition (95.6% ethanol, w/w) is known and 
constant. 

A newly prepared Ag-AgBr electrode always be- 
haves as a cathode with respect to older ones that 
have been aged in a bromide solution.‘** Its potential 
changes considerably during the initial 20-30 hr and 
equilibrium is sometimes reached only after two days. 
For that reason the Ag-AgBr electrode was kept for 
at least 48 hr in O.OlM aqueous potassium bromide 
before use. 

The pK, value of the conjugate acid of imidazole 
was determined by the direct method given by 
Zikolov et ~1.~~‘~ for aqueous solutions. The shapes of 
the titration curves indicate that his method can be 
used for water-ethanol solutions as well. 

The pK, values were calculated from the equation’ 

E-E” 
pK:=5916+log 

where E is the e.m.f. of the cell, E” is E for [H +] = 1; 
x is the degree of titration and 59.16 is the value of 
2.303RTjnF at 25”. 

For calculations only the E values for x within the 
range 0.3-0.8 were taken, because only in this range 
was the titration curve approximately linear. The E” 
value was determined by measuring the cell e.m.f. 
after the equivalence point, according to the 
equation’ 

E = E” + 59.16 log [C,H,OH;] 

The constancy of the E” value determined in each 
titration indicated that perchloric acid is fully dis- 
sociated in the conditions used, and thus this equa- 
tion is valid. 

In the direct method of pK, determination, the 
ionic strength must be kept constant, so the titrations 

Table 2. The pK, values of 
imidazole in water-ethanol 

mixtures 

Ethanol, 
% w/w PK, 

99.8* 
95.6 
80.0 
70.0 
60.0 
50.0 
40.0 
30.0 
20.0 
10.0 
0 

*Commercial 
hoi.” 

6.30 L- 0.04 
5.94 f 0.01 
5.73 * 0.01 
5.80 f 0.01 
5.76 f 0.01 
5.63 + 0.02 
6.18 +0.01 
6.64 f 0.01 
6.82 k 0.01 
6.80 f 0.02 
6.92 k 0.02 

“absolute alco- 

are usually done in the presence of an inert and 
completely ionizable salt (KCl) at a concentration at 
least an order of magnitude greater than that of the 
titrant. Alkali metal chlorides have low solubilities in 
ethanolic solutions, so are unsuitable. Therefore, 
sodium bromide had to be used to maintain the ionic 
strength, and this in turn required use of the 
Ag-AgBr electrode. 

Accuracy 

The error in potential measurements should not 
exceed 0.05 mV, so the corresponding error in the pK, 
values should be less than 0.05. Errors caused by the 
ionic-strength changes occurring during the titration 
are much smaller than this and can be neglected. The 
errors in the mean values given in Tables 1 and 2 refer 
to a confidence level of 95%. 

Changes in pK, values with solvent composition 

The value of pK, depends on the nature, acidity, 
dielectric constant and solvation ability of the sol- 
vent. In water-ethanol mixtures these properties 
change with composition, thus the difference between 
pK,, values measured in water and in 95.6% ethanol 
is 0.98. For imidazole, the pK, values pass through a 
minimum. 

REFERENCES 

1. G. Charlot and B. Tr&nillon, Les reactions chimiques 
dans les solvants et les sels fondus, pp. 40,3 16. Gauthier- 
Villars, Paris, 1963. 

2. J. Oszczapowicz, R. Odinski and E. Hejchman, Polish 
J. Chem., 1979, 53, 1259. 

3. J. Oszczapowicz and R. Orlinski, ibid., 1980, 54, 1901. 
4. J. Oszczapowicz and E. Raczynska, ibid., 1981, 55, 

1583. 
5. J. Oszczapowicz and J. Osek, ibid., 1982, 56, 93. 
6. J. Oszczapowicz and E. Raczynska, ibid., in press. 
7. R. E. Smith and J. K. Taylor, J. Res. Natl. Bur. St&., 

1938, 20, 837. 
8. Idem, Roczniki Chem., 1938, 18, 762. 
9. P. Zikolov, T. Zikolov and 0. Budevsky. Talanta. 1975. 

22, 511. 
10. Idem, ibid., Talanta, 1975, 23, 587. 



Talanta, Vol. 31, No. 7, pp. 561-564, 1984 
Printed in Great Britain 

0039-9140/84 $3.00 + 0.00 
Pergamon Press Ltd 

ANNOTATION 

ANALYSIS OF SEDIMENTS FOR HEAVY METALS BY A 
RAPID ELECTROTHERMAL ATOMIC-ABSORPTION 

PROCEDURE 

M. J. T. CARRONW, F. RBBOREDO, R. M. B. GANHO and J. F. S. OLIWRA 
Departamento de Ci&ncias do Ambiente, Faculdade de Ci&ncias e Tecnologia, Universidade Nova de 

Lisboa, 2825 Monte da Caparica, Portugal 

(Received 11 April 1983. Revised 21 November 1983. Accepted 18 January 1984) 

Summary-A rapid electrothermal atomic-absorption spectrophotometric procedure with homogen- 
ization as the only pretreatment is compared with two wet pretreatment methods followed by flame 
atomic-absorption, in a statistically designed experiment. Samples from the top 5 cm of sediments at three 
different points of the Tejo estuary were used for the tests. The results show that the electrothermal 
procedure performed as well as @ichever was the better of the flame methods for the determination of 
cadmium and nickel, irrespective of the sand content of the samples; although not statistically significant, 
there was apparently a decrease in recovery for chromium, copper and lead by the electrothermal method 
as the sand content of the sample increased. For zinc the electrothermal method gave results statistically 
different from those of the flame procedures when the sand content was high but not when the organic 
content of the sample was high. Because of the limited degree of replication (5 variates) the relative 
differences between the average values obtained by the three methods were significant only if they exceeded 
15%. The electrothermal method has the advantage of substantially greater speed. 

Before the determination of the total heavy metal 
content of a sample, it is normally necessary to bring 
the metals into solution, exceptions being the use of 
neutron-activation analysis, X-ray fluorescence spec- 
troscopy and, in some situations, electrothermal 
atomic-absorption spectrophotometry (AAS).‘,’ For 
environmental samples AAS is the method of choice 
for the majority of heavy metal determinations.3 

The procedures available for bringing the heavy 
metals into solution depend on the matrix and are 
generally grouped into three classes: fusion with 
molten salts, dry ashing followed by acid dissolution, 
and wet digestion with acids (individually or in 
mixtures).‘,4 These are all potentially applicable to 
sediment analysis. Fusion methods greatly increase 
the salt content and contamination, thus making it 
difficult to use atomic-absorption methods. Dry ash- 
ing might cause loss of metals by volatilization, e.g., 
cadmium and lead, and does not always yield com- 
plete recovery of metals.4,5 Various acids are utilized 
for wet digestion, namely nitric, sulphuric, perchloric, 
hydrochloric and hydrofluoric; even though the use 
of automated digestion techniques and digestion 
bombs has improved the method, losses due to 
volatilization, retention or loss of insoluble species in 
the digestion vessel or poor recovery from the matrix 
might occur. Lo,’ 

These pretreatments are time-consuming. If the 
sample is amenable to homogenization, electro- 
thermal atomic-absorption procedures may be util- 

ized without pretreatment.5,8 Various types of inter- 
ference arise in electrothermal atomic-absorption’ 
but it is generally accepted that this method can be 
used for matrices that are mainly organic in nature.‘.” 
An increase in inorganic salt content makes the 
method less reliable, especially for the more volatile 
elements cadmium, lead and zinc.“,” 

This paper evaluates the applicability of a pro- 
cedure previously reported for sewage and sewage 
sludge analysis, ‘,*,” based on ultrasonic homogen- 
ization followed by electrothermal atomization for 
total heavy-metal analysis of sediments. Con- 
sequently the statistical design was the same as that 
of this earlier work; it became apparent later that the 
limited degree of replication made statistical 
differentiation rather insensitive, a relative difference 
of at least 15% being required for statistical 
significance. The samples used were taken from three 
different points in the Tejo estuary (Fig. l), as part 
ofasurveysponsoredbyU.N.D.P.andU.N.E.S.C.0. 

EXPERIMENTAL 

Instrumentation 

A Perkin-Elmer model 503 atomic-absorption spec- 
trophotometer fitted with a deuterium background- 
corrector was utilized for all determinations. A single-slot 
air-acetylene burner and an HGA72 graphite atomizer were 
used for flame and electrothermal analyses respectively. The 
operating conditions were slightly modified from those 
recommended by the manufacturer and have been reported 
elsewhere.‘.’ 
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Fig. 1. Location of the sampling points. 

Reagents 

Pro analysi grade reagents (Merck) were used for the 
treatment of the samples to minimize blank values. Stan- 
dards were prepared by serial dilution of commercially 
available stock solutions (Fisher). 

Homogenization 

Samples to be analysed by electrothermal analysis were 
diluted and acidified to contain 1% (v/v) nitric acid and 
homogenized with an Ultra Turrax T 45 N in a similar way 
to that previously described. ‘JJ’ Results obtained by direct 
comparison with aqueous standards and by the standard- 
addition method were found to be in good agreement. 

Nitric-sulphuric acid digestion 

Digestions were done in a similar way to that described 
previously8~” but 100-m] borosilicate beakers were used 
instead of 500-ml flasks. For each g of wet sediment 20 ml 
of concentrated nitric acid and 5 ml of concentrated sul- 
phuric acid were used. 

Nitric-perchloric acid digestion 

Digestions were done in a similar way to that previously 
described,’ again with lOO-ml borosilicate beakers. For each 
g of sediment 20 ml of concentrated nitric acid and 5 ml of 
60% perchloric acid were used. 

Other analytical parameters 

The solids content was determined according to reference 
12 and the geological analysis was done by the methods 
given by Maxwell.” 

RESULTS AND DISCUSSION 

Samples taken from the top 5 cm of the sediment 
were obtained from three points in the estuary; a 
rough characterization of the samples is presented in 
Table 1; sample 1 can be seen to have a rather high 
organic content but no sand. The sand fraction 
increased as the samples were taken from nearer the 
ocean and beaches, the organic and clay silt fractions 
decreasing correspondingly. 

Each sample was divided into three groups of five 
subsamples. Two of the groups of five samples were 
used for digestion with the acid mixtures and analysis 
by flame atomic-absorption. The samples in the other 

group were individually homogenized and analysed 
by electrothermal atomic-absorption, Eppendorf 
micropipettes being used for injection of 20 or 50 pl 
aliquots. Two blanks were also run for each pre- 
treatment. In all cases analysis was by direct com- 
parison with acidic standards. 

The results were treated statistically; the mean 
values, within-group relative standard deviation and 
the results of an analysis of variance by the F-test14 
are reported in Table 2. Tukey’s procedureI was used 
to identify which means were statistically different at 
the 0.05 significance level. Metal recoveries obtained 
by the different procedures, calculated on the as- 
sumption that the higher flame result corresponded to 
complete recovery, are also compared in Table 2. It 
was not possible to make a statistically significant 
discrimination between means, however, unless the 
relative difference was at least 15%. 

From the comparisons presented in Table 2, no 
statistically significant difference exists between the 
best digestion-flame procedure and the homogeniz- 
ation-electrothermal procedure for the determination 
of chromium, copper and nickel: Nevertheless there 
is an apparent decrease in recovery by the homoge- 
nization method with decrease in organic content and 
increase in sand present: this effect is more pro- 
nounced for copper and, to a lesser extent, chromium 
in sample 3, recoveries lower than 90% having been 
obtained. The low recoveries obtained for chromium 
by the perchloric acid digestion procedure might be 
due to the volatilization of chromyl chloride.‘*‘3 

As the more serious matrix interference effects 
reported in the literature for the electrothermal tech- 
nique are usually associated with cadmium, lead and 
zinc,9*‘o the results obtained for chromium, copper 
and nickel were to be expected. More surprisingly, 
the results in Table 2 indicate that the homoge- 
nization procedure compares well with the better of 
the flame methods for determination of cadmium and 
lead. For lead the recovery appears to fall with the 
increase in inorganic content, but not for cadmium. 
The apparent absence of interferences may be entirely 
fortuitous or may result from a match between 
enhancement and suppression effects. Alternatively, 
synergic effects may have occurred, similar to those 
reported for lead and cadmium in fertilizer samples.15 
The most marked matrix influence takes place in the 
determination of zinc, a recovery of less than 70% 
having been obtained for the high sand-content sam- 
ple 3, which is consistent with previous studies.‘0.‘6 

Table 1. Characterization of the samples 

Solids Solid fraction 

Volatile, Clayey, 
Total, % of total Organic silty, Sand, 

Sample g/kg -solids % % % 

1 555 7.3 8.3 91.7 - 
2 532 6.2 5.4 63.4 31.2 
3 824 1.3 0.8 2.7 96.5 
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Table 2. Comparison of metal concentrations by the three methods 

Metal Samnle Pretreatment 

Mean 
cont.,? C.1.J R.S.D., Recovery,$ 

F-test* mnlkn m.c Ikn x x 

1 

Cadmium 2 

3 

1 

Chromium 2 

3 

Copper 2 

3 

Nickel 2 

3 

1 

Lead 2 

3 

Zinc 2 

3 

H, SO,-HNO, 
HClO,-HNO, 
Homogen. 
H, SO,-HNO, 
HClO,-HNO, 
Homogen. 
H,SO,-HNO, 
HClO,-HNO, 
Homogen. 

H,SO,-HNO, 
HClO,-HNO, 
Homogen. 
H, SO.,-HNO, 
HClO,-HNO, 
Homogen. 
H,SO,-HNO, 
HCIO,-HNO, 
Homogen. 

H,SO,-HNO, 
HClO,-HNO, 
Homogen. 
H,SOrHNO, 
HClO,-HNO, 
Homogen. 
H,SO,-HNO, 
HClO,-HNO, 
Homogen. 

H, SO,-HNO, 
HClO,-HNO, 
Homogen. 
H,SO.,-HNO, 
HClO,-HNO, 
Homogen. 
H,SO.,-HNO, 
HClO,-HNO, 
Homogen. 

H,SO,-HNO, 
HClO,-HNO, 
Homogen. 
H, SO,-HNO, 
HClO,-HNO, 
Homogen. 
H,SO,-HNO, 
HClO,-HNO, 
Homogen. 

H,SO,-HNO, 
HClO,HNO, 
Homogen. 
H, SO,-HNO, 
HClO,-HNO, 
Homogen. 
H, SO,-HNO, 
HClO,-HNO, 
Homogen. 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.05 

N.S. 

N.S. 

N.S. 

N.S. 

N.S. 

0.01 

0.01 

0.05 

0.01 

0.01 

0.01 

0.84A *0.11 10.7 - 
0.6OB *0.15 20.7 71.4 
0.8OA *0.09 8.8 95.2 
0.85A kO.16 15.3 - 
OSOB *0.11 18.4 57.6 
0.83A L-o.10 9.9 97.6 
0.35A *0.05 11.4 - 
0.16B f 0.05 25.0 46.2 
0.33A f 0.07 18.2 94.3 

4Q.7A *3.0 5.9 
25.4B +4.2 13.4 
39.7A +3.4 6.8 
28.9A k2.9 8.0 
17.4B +3.2 14.9 
27.3A k2.5 7.3 
26.5A k2.6 7.9 
11.5B f2.6 18.6 
23.5A +4.6 15.7 

63.7A +6.0 7.5 
72.9B +4.0 4.4 

70.6AB *9.1 10.3 
38.2A k5.3 11.3 
44.OA k5.8 10.7 
41.5A *3.4 6.5 
8.6A *1.4 13.3 
9.8A kl.6 13.3 
8.4A kO.9 8.4 

15.6A k3.2 16.7 
16.OA k3.1 15.6 
15.4A 21.2 6.8 
33.OA k5.6 13.6 
34.OA f2.7 6.5 
33.6A k3.2 7.7 
25.4A kl.6 5.1 
28.5A k4.1 11.6 
27.OA + 3.4 10.0 

- 
62.4 
97.5 
- 

60.2 
94.5 
- 

43.4 
88.7 

87.4 
- 

96.8 
86.8 
- 

94.3 
87.8 
- 

85.7 

97.5 

96.3 
97.1 
- 

98.9 
89.1 

125A k9.2 5.9 
248B +29 9.3 
239B It15 5.0 
94A *12 10.6 
228B +33 11.5 
209B *21 8.1 
8.7A +1.5 13.8 
13.OB k2.7 16.9 
11.4B k3.0 20.7 

413A *58 11.2 
524B +25 3.8 
510B +68 10.8 
296A *35 9.6 
394B *64 13.0 
366B k27 5.9 
113A *15 11.0 
135B k25 14.9 
92C 517 14.8 

94.7 

50.5 
- 

96.3 
41.1 
- 

91.4 
66.9 
- 

87.7 

78.8 
- 

97.3 
75.0 

92.9 
83.6 

68.3 

*N.S. = not significant at the 0.05 significance level. 
tMeans not followed by a common letter are significantly different at the 0.05 significance level. 
495% confidence interval. 
IAssuming the result of the better flame method corresponds to complete recovery. 

Undoubtedly, the use of the deuterium background- for by the low solubility of the sulphate. The incom- 
corrector is invaluable for this type of analysis, plete recovery of zinc by the sulphuric acid method 
particularly for the volatile elements lead, cadmium and of cadmium by the perchloric acid method is less 
and zinc. The low recovery obtained for lead by the easy to explain; the latter has been reported pre- 
sulphuric acid digestion procedure can be accounted viously.’ 
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Reported values for the precision of the rapid REFERENCES 

method applied to sewage sludge samples’ and sew- 
ages and sewage effluents’ averaged 8 and 6%, re- 
spectively, whereas in these sediment samples, admit- 
tedly harder to homogenize, the average is closer to 
10% for the procedure as a whole. 

Comparing the absolute metal concentrations in 
the Tagus sediments with those reported for other 

estuaries,‘7*‘8 it is apparent that sample 3 is relatively 

uncontaminated whereas samples 1 and 2 present 
concentrations ranging from two (for cadmium) to 
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five (for lead) times those reported for unpolluted 
rivers. 

I. 

8. 

9. 
CONCLUSION 

The rapid electrothermal procedure described here 
can be used advantageously for routine analysis for 
total heavy metals in sediments associated with con- 
tamination by currents and matrices with reasonably 
high organic content. As the amount of sand in the 
sample increases, this procedure yields lower results 
for zinc. Recoveries for copper, chromium and lead 
might drop to about 90% for samples containing 
almost only sand. The time saved is considerable, 
because homogenization takes only 5 min as opposed 
to the 3-6 hr required for a digestion. This more than 
compensates for the additional time (2-3 min) re- 
quired for the electrothermal analysis. 
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Summary-An inexpensive but powerful computer network particularly suited to the research laboratory 
is discussed. The primary advantages of the system are low cost, flexibility, freedom of choice of 
manufacturer, and convenience of upgrading. The principal limitations are speed of data transfer and the 
requirement for a certain level of skill during setting up. The system operates with both the CP/M and 
MP/M operating systems, but the principles of operation are generally applicable. 

Laboratory automation has many advantages for 
both the research and the production laboratory. In 
general, laboratory automation can provide higher 
sample throughput with an attendant reduction in 
cost per sample. The digitized data can be stored and 
later retrieved and processed by application programs 
or data-base management systems, for production of 
reports. 

In the research laboratory, automation not only 
allows the rapid collection of large amounts of data 
but encourages use of intensive statistical and graph- 
ical evaluation, which might otherwise be too labori- 
ous. Research work often makes unusual demands on 
the acquisition hardware and software. Versatility, 
flexibility and low cost may be far more important in 
the research laboratory than in the production labo- 
ratory. 

We have found that an excellent solution to these 
requirements is a laboratory computer network. Net- 
works in the laboratory have been discussed in 
general by Dessy’ and specifically by Levy and Terp- 
stra.2 We will present here a discussion of a very. 
effective and inexpensive laboratory computer net- 
work which is particularly well suited to the research 
laboratory and its unpredictable future needs. 

NETWORK DESIGN 

There are several features of computer networks 
which are particularly important in a research labora- 
tory involved in the development of instrumentation, 
though these attributes may be considered to be 
universal. The “dedicated microcomputer” network 
has been discussed previously’ and appears to meet 
these needs far more efficiently than any other. The 
most important network attributes are listed below 
and will be discussed in order to allow readers to 
evaluate their importance for their own laboratories. 

*Author to whom correspondence should be addressed. 

The laboratory computer-network should: 

(1) have a powerful, fast “dedicated” computer; 
(2) use low-cost hardware and software; 
(3) offer flexible expansion; 
(4) produce graphics; 
(5) have long-term data-storage in real time; 
(6) possess multiple high-level language capabili- 

ties; 
(7) use simple operating procedures; 
(8) not be entirely dependent on the products of a 

particular manufacturer. 

In a “local computer” or “dedicated computer” 
network, microcomputers act as dedicated I/O 
(input/output) modules and provide local processing 
of data so that only information requiring storage or 
sophisticated processing is sent to a central labora- 
tory computer. The dedicated computer’s functions 
are relatively limited: local I/O operations, collection 
of data as fast as required, primitive processing and 
transmission of the processed data. The central labo- 
ratory computer (hereafter called simply the labora- 
tory computer) provides storage, powerful processing 
capability and extensive I/O capability (e.g., printers 
and plotters). Our particular network configuration 
provides the advantages of (1) remote operation, (2) 
autonomous local I/O, (3) local control and pro- 
cessing and (4) a certain degree of modularity if 
several of the dedicated processors are of the same 
type. Serial communication techniques allow con- 
venient transmission over distances up to several 
kilometres, and by use of telephone lines commu- 
nication can be made over almost unlimited dis- 
tances. Local processing of the data may be desirable 
for several reasons: (1) local output, particularly 
hardcopy, can be used for operational monitoring, or 
back-up in case of network failure, and (2) the 
transmission of only the vital information will min- 
imize the network traffic (high traffic might slow 
down the laborabory computer and cause loss of 
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information. Conventional serial transmission tech- 
niques are not always satisfactory if data-rates are 
high. With a conventional 9600 baud (bits/set) trans- 
mission rate, the system may be limited to the transfer 
of approximately 100 data values per second.3 This 
will certainly not be satisfactory for some experi- 
ments, though adequate for most. There are at least 
two solutions to this problem. If the distances be- 
tween the dedicated and the central laboratory com- 
puters are short, then parallel transmission tech- 
niques may be used. If the data set is not too large, 
a more convenient solution may simply be expansion 
of the memory of the dedicated computer to allow the 
set to be stored until the end of the acquisition period 
(delayed transmission). 

Another limitation to a network of this type can be 
the limited software capabilities of some of the 
microcomputers most appropriate for the dedicated 
function. It might, for example, be much more con- 
venient to use compiler BASIC for acquisition and 
processing, since it can be two orders of magnitude 
faster than interpreter BASIC and is far more con- 
venient and efficient in many aspects than assembler- 
level coding, particularly when used by laboratory 
personnel. Arguments can be made for other com- 
piler languages, since they have their own particular 
advantages, but they almost inevitably require a 
disk-based system, which’will increase the cost. Gen- 
erally then, when using the term “powerful” in 
connection with a dedicated computer, we are re- 
ferring to a high-level language capability, usually an 
interpreter language such as BASIC or a 
compiler-interpreter language.5 Other factors, such 
as ease of physical interfacing, might initially appear 
to be important, but almost all major processor 
manufacturers include powerful timer-counter, par- 
allel and serial interface integrated circuits in their 
equipment, and many of the single-board computers 
can either be acquired with these or easily expanded. 

The cost of a small single-board computer suitable 
for the dedicated function is usually quite low, but 
that of a suitable laboratory computer can be quite 
high and usually represents over 80% of the total 
network cost when the price of the software is 
included in the total price. Generally the 8-bit com- 
puter systems are significantly cheaper than 16-bit 
systems, and because of their popularity and high- 
volume sales, a great variety of powerful low-cost 
software is available. The apparent advantage of 
16-bit systems is their ability to address directly large 
blocks of memory. This should enable them to run 
larger programs faster as well as being more efficient 
for multi-user operating systems. 

Graphics may not be important in all laboratories, 
but humans are excellent pattern recognizers and 
work far more efficiently with graphical than with 
tabular data. The power of graphical information has 
been recognized by many manufacturers, who now 
have gone beyond simple graphical display to an 
intelligent use of colour so as to transmit more 

information to an operator. Some graphics systems 
use sections of computer memory, while others have 
their own memory for image storage. Image gener- 
ation can take up quite a lot of computation time. 
For example, a 500 x 500 pixel display consists of 
2.5 x lo5 pixels, each of which must be set, often with 
additional intensity or colour information. Intelligent 
independent graphics systems or subsystems can min- 
imize laboratory computer slow-down by doing these 
computations themselves, often with specialized soft- 
ware. 

If the laboratory computer is to be truly useful to 
the researchers in the laboratory, then it must do 
more than store the data. It must be able to process 
and output those data at a time convenient to the 
researcher. This is one of the distinct advantages of 
operating the laboratory computer with a multi-user 
capability. Data can be acquired from an experiment 
while other researchers are processing their data from 
other experiments. If the number of simultaneous 
users is relatively small, then an 8-bit computer can 
satisfactorily handle the task provided there is 
sufficient mass-storage. If intensive disk usage is 
required then a fast disk system may be essential, but 
most computational work tends to be processor- 
intensive, and fast storage, though always con- 
venient, may not be essential. 

Because scientists may come from a wide variety of 
backgrounds and possess different programming 
skills, it is important to be able to offer a selection of 
software which will allow each user to achieve max- 
imum efficiency with minimum of frustration. BASIC 
(Beginners All-Purpose Symbolic Instruction Code) is 
ideal for simple calculations and can easily be learned 
independently. Certain software manufacturers (e.g., 
Microsoft) have made available compiler versions 
which can run significantly faster than the interpreter 
forms. Pascal has a wide variety of data and pro- 
gramming structures which make it an extremely 
flexible and powerful language for computation as 
well as other purposes. It is a highly structured 
language, which makes it popular as a professional 
tool because the rigid structuring makes the written 
code easy to follow, and it is easy for new pro- 
grammers to take over programming responsibilities. 
A great deal of powerful software is available for 16- 
and 8-bit computers. In general, the 8-bit software is 
less expensive and can often be purchased from a 
maker other than that of the hardware or the soft- 
ware operating system. 

It quickly becomes apparent that the laboratory 
computer is the system which is most likely to be 
overloaded and consequently need upgrading. The 
dedicated computer is normally purchased with a 
given experiment or apparatus in mind, and as long 
as this does not change considerably, there is no need 
to change the dedicated computer. On the other 
hand, the load on the laboratory computer will 
increase with time. Additional dedicated computers 
will be added, and researchers will increase their 
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demands on the laboratory system as they become 
increasingly competent in its use. The laboratory staff 
will often come to use the laboratory computer for a 
great deal of what might be called “administrative” 
work, such as data-base management, and report- 
writing with the use of word processors and computer 
“spread sheets” like VisiCalc. The word processor 
will often be extremely popular because it can be used 
as a text editor for programming as well as in its more 
traditional role. Some word processors are highly 
disk-intensive, owing to the use of menus and search 
requirements. This creates an additional load on the 
laboratory computer. For these reasons, the labora- 
tory computer is more likely than the dedicated 
computers to be outgrown. Because of the investment 
of researchers’ time in learning and developing soft- 
ware, it is imperative that the software run by the 
laboratory computer should be highly portable. It is 
obviously most satisfactory if the software can be 
transferred to a more powerful computer and run 
completely without modification. 

Perhaps the most difficult problem to overcome is 
that of the networking software. The most desirable 
dedicated computer may not be made by the same 
firm as the most suitable laboratory computer, or 
investments may already have been made in one or 
the other of these. Our solution to this is quite simple. 
We have installed on our laboratory computer a 
modern multi-user operating system which we run 
entirely without modification. Each of our dedicated 
computers is physically connected to the laboratory 
computer by a standard RS-232C protocol and ap- 
pears to it to be a user terminal. The only operating- 
system modifications that we make are very simple 
and are limited to the dedicated computer, which is 
unlikely to be outgrown by the particular experiment 
for which it was purchased. An arrangement of this 
type allows us to replace the laboratory computer 
with a more powerful unit without any modifications 
to the dedicated computers as long as the laboratory 
computer operating system remains the same. We 
have achieved a certain degree of independence from 
the manufacturer by using an operating system which 
is used by many manufacturers on a wide variety of 
computers. From analysis of the trade journals, it 
appears that the operating system will be utilized into 
the foreseeable future. 

Hardware 
NETWORK SPECIFICS 

Our laboratory computer is an S-100 bus-based computer 
(IEEE-696 standard)5 which at present operates with 256 
kbytes of R/W memory and two 8-m flexible disk drives for 
mass storage. A more complete configuration listing is 
provided in Table 1. The graphics are provided by the 
MicroAngelo, an intelligent 512 x 480 pixel video sub- 
system which relieves the main processor of the heavy 
burden of graphics generation. The MicroAngelo has its 
own Z-80 processor with 32 kbytes of R/W memory for 
image storage and an instruction set in ROM on a single 
S-100 board. We have developed our own software to 
transfer the screen image directly to an Epson MX-80 
printer with Graftrax Plus. Commercial versions of this type 

of software are available. The image transfer takes 3 min, 
but we have found that the printer has the advantage that 
it can be left unattended while multiple text or graphics 
print-outs are made, whereas most of the cheaper plotters 
require manual sheet-feeding. 

The dedicated comnuter selected is the Rockwell AIM-65 
single-board computer. Table 2 lists the features of the 
AIM, the most important for network use being the on- 
board printer, the use of BASIC, and the very well docu- 
mented monitor (operating system). The printer is im- 
portant because it allows the AIM to be used autonomously 
and to get hardcopy output data if the laboratory computer 
breaks down. BASIC allows convenient processing of the 
data before passing them on to the laboratory computer, 
and the source-code listing for the monitor allows slight 
modifications to the monitor for convenient operation 
within the network. All the software can be contained in the 
Read-Write (also called R/W or RAM) memory, bub,if the 
system is RESET the operator has to reinitialize certain 
pointers. The monitor ROM can readily be modified so that 
the AIM loads the program and starts the task auto- 
matically as soon as it is switched on. 

The minimal configuration AIM is equipped with a 20-mA 
current-loop serial communication line. This interface is 
implemented primarily through software using a 6522 Ver- 
satile Interface Adapter (VIA) rather than with an inte- 
grated circuit specifically designed for serial communication, 
such as a 6551 ACIA (Asynchronous Communication Inter- 
face Adapter). Though adequate for operation with a 
terminal, this system is not adequate for network operation, 
because of the low speed at which transactions take place. 
The 20-mA loop system simply does not respond quickly 
enough, and characters are lost during the simple trans- 
mission procedure that we insist upon. For this reason we 
expanded the AIM with a 6551 ACIA, an integrated circuit 
specifically designed for serial communications, and some 
EPROM memory to contain the networking software. By 
using the 6551 ACIA, we are able to communicate at 9600 
baud. We have found it convenient to build our own 
combined board which includes a 6522 VIA. a 6551 ACIA. 
and memory sockets which can be used for RAM (6116) 
ROM (2316) or EPROM (2716). Once again, the excellent 
documentation of the AIM make this a relatively straight- 
forward task. The increased memory capacity allows more 
data to be stored before transmission to the laboratory 
computer and consequently minimizes the load on the latter. 
The circuit diagram for the interface is available from the 
authors, but serial communication expansion ports, 
memory and additional parallel I/O can be purchased 
commercially from a number of vendors, some of whom are 
listed in Table 3. 

Software 

We have adopted for our laboratory computer what 
appears to be the most common operating system, CP/M, 
with the expectation that MP/M, the multi-user version, will 
become equally as popular. CP/M and MP/M are both 
produced by Digital Research, which seems to nullify our 
claim to be tied to one manufacturer, but there are over 100 
manufacturers of different computers which run CP/M, and 
many of these can run MP/M. They range from the.oldest 
8080 CPU-based systems through the popular 8088-8086 
Intel family to the very powerful 68000 series. The use of this 
operating system then frees us from dependence on any 
particular manufacturer of computers or family of logic 
devices, or manufacturer of integrated circuits. This will 
allow us in the future to expand or replace the laboratory 
computer with a more modem system without having to 
discard either our own high-level language application 
programs which run on the laboratory computer, or our 
dedicated computers and their communication techniques. 

The CP/M and MP/M operating systems used on the 
laboratory computer are run without modification. Instead, 
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Table 1. Laboratory computer specifications 

Bus 

CPU 

Memory 

Storage 

I/G 

Graphics 

Printer 

Software 

S-100 (IEEE 696 standard) 
20-slot mainframe 

SBC-20&Z80 CPU 
-serial port 
-parallel port 
-phantom ROM 

Expandoram III with 256 kbytes 
of dynamic RAM 

Dual 8-m. single-sided double- 
density disk drives (801 R) 

Versafloppy II disk controller 

TUART-2 serial ports 
-2 parallel ports 

MicroAngelo 512 x 480 pixel 
graphics subsystem 
On board-Z80 CPU 

-32 kbytes ROM 
-32 kbytes RAM 

Epson MX-80 with Graftrax Plus 
(bit graphics capability) 

CP/M (MP/M) operating system 

MBASIC interpreter BASIC 

BASIC 80 Compiler 
PASCAL MT+ 
WORDSTAR 

SUPERFILE 

Cromemco Inc., 
280 Bernard0 Ave., 
Mountain View, CA 94043 

SD Systems, 
P.O. Box 28810, 
Dallas, TX 75228 

SD Systems 

Shuggart, 
475 Oakmead Parkway, 
Sunnyvale, CA 94086 
SD Systems 

Cromemco 

Scion Corporation, 
123 10 Pinecrest Road, 
Reston, VA 22091 

Epson America Inc., 
3415 Kashiwa Street, 
Torrance, CA 90505 
Digital Research, 
P.O. Box 579, 
Pacific Grove, CA 93950 
Microsoft, 
108OONE Eighth, 
Suite 819, 
Bellevue, WA 98004 
Microsoft 
Digital Research 
MicroPro, 
1299 4th Street, 
San Rafael, CA 94901 
FYI, Inc., 
P.O. Box 10998 615, 
Austin, TX 78766 

Table 2. Rockwell AIM-65 features 

Software: 

Documentation: 

6502 CPU 
4 kbytes RAM 
20 kbytes ROM (see software) 
20-character display 
20-column thermal printer 
2-bit programmable parallel ports with handshake (6522 VIA) 
20-mA serial interface 

Monitor 
Editor 
BASIC interpreter 
Assembler 

AIM 65 User’s Guide 
R6500 Programming Manual 
R6500 Hardware Manual 
BASIC Language Reference Manual 
AIM 65 Monitor Program Listing 
Rockwell R6500 Microcomputer System Application Notes 
“INTERACTIVE”, Rockwell International Newsletter 
“THE TARGET-an AIM65 newsletter”, 
c/o Donald Clem, 
RR #2, 
Spencerville, OHIO 45887 
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Table 3. AIM 65 expansion interface vendors 

This is a partial listing of the major vendors of expansion 
interfaces for the AIM 65. 

Rockwell International 
33 10 Miraloma Avenue 
P.O. Box 3669 
Anaheim, CA 92803 

Forethought Products 
87070 Dukhobar Road 
Eugene, OR 97402 

Seawell Marketing Inc. 
P.O. Box 17170 
Seattle, WA 98107 

Expansion mother boards 
Memory boards (RAM, ROM, EPROM) 
Parallel ports 
Serial ports (RS 232C) 
Floppy disk controllers 
CRT controllers 
IEEE 488 interfaces 
Modems 

Expansion mother boards 
Memory boards (RAM, ROM, EPROM) 
STD bus interfaces 
Video expansion 
Floppy disk controllers 
Parallel ports 
Timer/counter boards 
Serial interface (RS 232C) 

Expansion mother boards 
Memory boards (RAM, ROM, EPROM) 
Parallel ports 
Floppy disk controllers 
EPROM programmers 
Proto boards 
Power supplies 
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the AIMS are provided with software to make them comply 
with the requirements of CP/M and MP/M. 

Networking software had to be developed only for the 
AIM. The excellent documentation of the AIM monitor 
made this task quite straightforward. A program of only 350 
bytes was required to allow a number of operating modes 
for the AIM within the network (listings of the software are 
available from the authors). The network software provides 
the AIM with the ability to communicate to the laboratory 
computer one character at a time or to transfer program and 
data files to the disks of the laboratory computer. The latter 
task is accomplished by having the AIM emulate a user and 
transfer the data as characters to the disk by using the CP/M 
Peripheral Interchange Program (PIP). Most operating sys- 
tems have a Peripheral Interchatige Program (PIP in CP/M 
or MP/M, PIP for DEC RT-11, COPY for MS DOS) and 
these operate in much the same manner. Therefore, our 
implementation of the laboratory network could easily be 
adapted to other laboratory computers. 

T’he AIM software allows the RS 232C network interface 
to be used either as an auxiliary input/output device or as the 
main input/output device (enabling direct external control 
of the AIM). There are routines which perform file transfers 
by using the PIP with either monitor (operator) control or 
BASIC program control. The latter is used to transfer data 
files to the laboratory computer. In order to make the 
software as general-purpose as possible, the handshake 
strategy adopted was the echo and XON/XOFF protocol; 
that is, each character transferred on the network interface 
must be echoed by the receiver and the latter can halt and 
resume the transmission by using the XON/XOFF (terminal 
on/off) protocol. This handshake strategy is supported by 
most of the Peripheral Interchange Programs of the various 
operating systems when interacting with a console. 

NETWORK OPERATING MODES 

Figure 1 shows the many system configurations 
obtainable, with the same hardware in each case. 
These configurations are completely interchangeable 
with a minimum of effort, quite often by simply 

choosing the single- or multi-user version of the 
operating system. Figures lc and Id illustrate the two 
modes of operation of the network as we have 
arranged it. The first (Fig. lc) can be called the 
“slave” network operating mode while the second 
(Fig. Id) can be called the “co-user” mode. With the 
256-kbyte memory of our laboratory computer, the 
operating system allows up to 5 independent users 
(terminals or AIMS) or tasks on the system at any 
given time. 

In the “co-user” mode of operation (Fig. Id), the 
laboratory computer runs MP/M, the multi-user 
operating system, and each of the dedicated comput- 
ers acts as a user at the same level as a user at a 
terminal. The AIMS have the capability of initiating 
any process on the laboratory computer that a 
terminal user can. Generally, an operator at the 
experimental site will load and execute a program on 
the AIM, which will perform the experiment and 
then, using the file-transfer routines of the network 
software, will transfer the data as a file to the 
laboratory computer disks through use of the PIP. 
The AIM can execute a continually runhng program 
which will perform the experiment on a series of 
samples and send the sample data files to the labora- 
tory computer without operator intervention. The 
program on the AIM could, in fact, execute an 
application program for a data-base management 
system, interact with it, and thereby ensure transfer 
of the processed sample data directly into the labora- 
tory data-base. The AIMS printer can be used to 
obtain hard copy for verification and back-up in case 
of network malfunction. 

In the “slave” mode of operation (Fig. lc), the 
dedicated computers are put under direct control of 



570 R. L. A. SING and ERIC D. SALIN 

USER 7 USER 

USER 
LABORATORY 

COMPUTER USER 

MP/M Operating system 

lb) 

LABORATORY 
COMPUTER 

CP/M Operating system 

(a) 

USER 7 
LABORATORY 

AIM D (Slave) 

I EXP 

I3 
L 

EXP 

x USER 7 
LABORATORY 

COMPUTER 

MP/M Operating system 

(d) 

Fig. 1 

the laboratory computer and a single user. This is 
done by entering AIM BASIC and then selecting the 
RS 232C interface to the laboratory as the main 
input/output device. Generally, this mode requires 
that the laboratory computer be running the CP/M 
operating system (single user), though MP/M could 
be tolerated under certain circumstances. The single 
user could be at a terminal or could equally be one 
of the dedicated computers in its user-emulating role. 
The program being executed on the laboratory com- 
puter is responsible for sending commands and pro- 
grams to the AIMS and receiving their output. This 
mode of operation of the network is that which 
allows the highest possible rate of data acquisition, 
since the laboratory computer is dedicated to the 
execution of a single process. 

The laboratory computer program can, in this 
mode, synchronize the activities of a number of 
dedicated computers. For example, if one AIM were 
controlling a stepper motor attached to a spec- 
trometer drive and another interfaced to a data- 
acquisition system, the laboratory computer would 
send to the drive-controlling AIM the wavelengths 
needed to locate the line of interest, but would receive 

information from the data-acquisition AIM in order 
to position the drive exactly at the position corre- 
sponding to the spectral line. An additional feature of 
the CP/M operation is that it uses only a quarter of 
the 256 kbytes available on the laboratory computer. 
The remaining 192 kbytes can be used for disk 
emulation so that data can be stored at significantly 
higher rates than on flexible or rigid disks. Memory- 
disk emulation (RAM disk) products are commer- 
cially available for many systems. 

The languages and programs that we have found 
useful for running under CP/M or MP/M are listed 
in Table 1. We generally avoid writing at the assem- 
bler level on the laboratory system, because of the 
lack of portability. BASIC has proved to be especially 
valuable, owing to its ease of use. Programs are 
developed by using the interpreter and then compiled 
if they are slow and need to be used often. Pascal is 
used for more complex programs, on account of its 
highly structured nature. Our particular imple- 
mentation of Pascal supports the use of a 9511 
arithmetic processor to increase the speed of com- 
putation and decrease the program size, but we have 
not yet felt the need to instal it. 
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CONCLUSIONS 

An inexpensive laboratory computer network 
which is not dependent on any particular hardware 
supplier has been developed, and requires a relatively 
low level of expertise. Proper selection of components 
and operating procedures allows the laboratory com- 
puter to be used for unrelated processing during the 
data-acquisition process. Though the network does 
not provide the high transfer rates available with the 
proprietary networks, the simplicity of operation 
does allow a high degree of flexibility and control, 
which is very advantageous in a research laboratory, 
where the nature of the work may frequently change. 

The system can be upgraded by acquisition of hard- 
ware and software from a wide variety of sources. 
Software compatibility when upgrading can be en- 
sured by the use of a popular hardware-independent 
operating system. 
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Summary-The 235.48 nm non-resonance line of tin gives a sensitivity for AAS determination equal to 
that given by the most sensitive resonance line. Vaporization from a platform improves some twofold the 
sensitivities of all lines investigated. The atomization temperature has only slight influence on the relative 
sensitivities given by the non-resonance tin lines studied. Phosphoric acid shows a rather peculiar 
interference pattern, low concentrations (0.05%) depressing the signal, but high concentrations (1%) 
enhancing it. Contrary to expectation, the resonance and non-resonance lines are affected to the same 
extent by phosphoric acid. Platform-vaporization does not change the interference pattern of phosphoric 
acid. Calibration can be done by injecting various volumes of a single standard solution onto a platform 
coated with tantalum carbide. This method yields calibration graphs that are just as linear as those 
obtained with identical volume of standards of various concentrations. Some suggestions are made for 
further improvement of the analytical potential of non-resonance lines. 

The analytical potential of non-resonance lines in 
electrothermal atomic-absorption spectrometry has 
formed the subject of several papers’-’ from this 
laboratory. The non-resonance lines of palladium,‘-5 
lead, indium and thallium,6 as well as those of 
gallium’ all show considerable analytical potential. 
Besides sensitivity, another factor worth mentioning 
is the better linearity of some calibration graphs when 
non-resonance rather than resonance lines are used. 
The present paper continues our previous studies 
with another element of low volatility, namely tin. 

EXPERIMENTAL 

Details of the commercially available electrothermal at- 
omizer (radiational feed-back, 2Ooo”/sec heating rate) and 
spectrometer (time resolution 20msec) were given in pre- 
vious papers.6,7 Ryrocoated graphite furnaces were used as 
provided by the manufacturer. 

The solid pyrographite platforms used have also been 
described elsewhere.2 The normal platforms were coated 
with tantalum carbide.* The solid pyrographite could not be 
coated efficiently with tantalum carbide since it tended to 
flake off after a few firings. The normal platforms were 
coated by a single soaking in coating solution followed by 
repeated injections of it.s The colour of the coated platform 
was shiny bronze. 

Drying and ashing temperatures for wall-vaporization 
were as recommended by the manufacturer9 For platform- 
vaporization, drying was done at 200” for 60 set with a ramp 
of S”/sec, and ashing was done as for wall-vaporization, i.e., 
at 800”. Atomization was always done in the “temperature 
control” mode (radiational feed-back). Argon was used as 
purge gas at a flow-rate of ca. 2 l./min. 

Working solutions were prepared by dilutions of a 
1000~pg/ml stock solution. According to the manufacturer 
(Merck) the stock solution contains tin(IV) chloride in 1M 
hydrochloric acid. The calibration was done by injecting 
various volumes (5, 10, 15 and 20 ~1) of a single standard 
solution. 

A Varian hollow-cathode lamp was used as the primary 
radiation source and was operated at 10mA. A spectral 
bandpass of 0.2 nm was used for all wavelengths. 
Some characteristics of the transitions studied are given in 
Table 1. 

In order to prevent the continuum radiation of the 
platform from reaching the detector, a l-mm aperture was 
placed after the furnace when high atomization tem- 
peratures were used (over 2200”). 

RESULTS AND DISCUSSION 

Influence of set atomization temperature on signal 
strength 

As seen from Table 1, considerable controversy 
exists in the literature as to the most sensitive line for 

Table 1. Spectral characteristics of some tin lines, and literature values for relative 
sensitivities 

Relative sensitivities 
1, Spectral term 

nm energy values, cm-’ gf’O Ref. 11 Ref. 12 Ref. 13 Ref. 14 

224.61 O-44509 0.20 1 - 1 - 
235.48 16924t145 0.93 1.6 1 2.0 1 
284.00 3428-38629 2.5 - - - 
288.33 O-34914 0.65 1.6 1.3 1.5 

A relative sensitivity of 3 would mean that the line gives a sensitivity that is worse by 
a factor of 3 than that given by the tine with which it is compared. 
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Fig. 1. Variation of the population of energy levels of tin as 
a function of temperature. The curves drawn are based on 
the data of Parsons et al.” l --a---@ 0 en-‘; A-A-A 

1691.8 cm-‘; q --_O--_O 3427.7 cn-’ 

the determination of tin. Some of the discrepancies in 
the literature data are probably due to the use of 
different flames (air-H,, air-C,H,, N,O-C,H,). As a 
consequence of the different flame temperatures, the 
population of the excited states and hence the sensi- 
tivity of the non-resonance lines will vary. 

The influence of temperature on the sensitivity of 
resonance and non-resonance lines was recognized by 
Parsons et aLI as long ago as 1973. Rather un- 
fortunately, not much attention was paid to their 
highly interesting article. Parsons et aLI5 have calcu- 
lated the population of the excited states for some 
elements, as well as the relative sensitivities, as a 
function of temperature. For tin they predicted the 
224.61 nm resonance line would be the most sensitive. 
However, the sensitivity of the 235.48 nm non- 
resonance line increases with temperature, almost 
equalling that of the 224.61 nm line at around 
2800 K. Parsons et aLI also calculated the population 
of various energy levels of tin at different tem- 
peratures. Their results are summarized in Fig. 1. It 
may be seen from this figure that the depletion of the 
ground-state population with temperature is mostly 
due to population of the 3428 cm-’ level. It is cer- 
tainly interesting to note that as shown in Fig. 1, at 
a temperature of 3200 K the ground state ranks only 
third in atomic population. 

With flames it is only possible to vary the tem- 
perature of the analytical zone (and hence the popu- 
lation of excited states) by changing the flame stoichi- 
ometry or the observation height. However, in most 
cases it will mean a departure from the optimum 
atomization conditions. Thus any gain in the relative 
population of excited states will be more than offset 
by the decrease in the total number of free atoms 
available. However, with graphite furnaces it is possi- 
ble to vary the temperature, without changing the 
chemistry of the atomic environment, and thus to 
keep constant the total number of free atoms avail- 
able in the system. 

Table 2 shows the relative sensitivity of various tin 
lines with wall- and platform-vaporization. It is in 

Table 2. Relative sensitivities of some tin lines under various 
experimental conditions 

Wavelen%h, nm 224.61 235.48 284.00 286.33 

Wall 2200°C 2.1 2.2 4.5 2.8 
Wall 2800°C 2.0 2.1 4.2 2.8 
Platform 2200°C 1.2 1.2 2.2 1.4 
Platform 2800°C 1 1 2.3 1.4 

The absolute sensitivity for tin (amount giving 0.00436 
absorbance or absorbancesec) at 224.61 and 235.48 nm 
with platform vaporization at 2800” is cu. 5pg for 
peak-height and cu. 8 pg for peak-area measurement. 
Relative sensitivities are similar for peak height and 
area. The results from this table represent the average 
value of several hundred measurements made during 
ca. 1 year with various graphite tubes and platforms. 

order to note here that though the manufacturer 
recommends’ atomization at 2400”, we have found 
that a sensitivity plateau is already reached at 2200”, 
and that the relative sensitivity varies very little with 
atomization temperature. Also there is very little 
difference in relative sensitivity between wall- and 
platform-vaporization. This is contrary to our experi- 
ments with another element of low volatility (pal- 
ladium)*y3 but in accordance with data for indium,6 a 
rather volatile element with non-resonance lines orig- 
inating from levels close to those of tin. It was 
recently proposed’6 that the ratio of the absorption at 
resonance lines to that at non-resonance lines be used 
to characterize graphite furnaces and draw conclu- 
sions on the temperature of the atom cloud. Since in 
our case there is little difference in the sensitivity 
ratios with wall- and platform-vaporization, it is 
tempting to conclude that the temperature of the 
atom cloud is not influenced by atomization tem- 
perature. This is probably not the case, but for 
the time being we cannot offer any reasonable 
explanation for the phenomena observed. One 
possibility would be that the population of an excited 
state is not purely thermally controlled but rather is 
governed by collisions with electrons emitted by the 
furnace. Thus the actual temperature would have 
little influence on relative sensitivities even though 
the electron flux should be dependent on the furnace 
temperature. More work is needed with other 
elements before definite conclusions are drawn. 

It should be mentioned that many of the other tin 
lines’” show analytically useful absorption signals, 
but are not all discussed here since it would be 
beyond the scope of the present work to investigate 
the complete atomic-absorption spectrum of tin. 

Before proceeding further we have to mention that 
the detection limits with the non-resonance lines are 
much better than those with the resonance lines. This 
is no doubt at least partly due to the fact that 
non-resonance lines are emitted more intensely by 
hollow-cathode lamps (and probably also by EDLs), 
thus allowing the use of much lower photomultiplier 
voltages than those needed when resonance lines are 
used. 
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The sensitivity of low-volatility elements is known 
to be impaired by the use of platform-vaporization. 
We have found this to be also the case for palladium.2 
It was concluded2 that the peak-height sensitivity for 
palladium is lower with platform- than with wall- 
vaporization, because of the slower heating rate of 
the platform. Contrary to our expectations we have 
found that for tin both peak-height and area are 
almost doubled by use of platform-vaporization. 
Since it is known that tin has a strong tendency 
towards carbide formation we think it likely that 
the enhancement of both resonance and non- 
resonance lines may be due to the platform material 
being more inert than the furnace itself. A similar 
trend was noted by Manning.” Similar sensitivities 
were obtained by us whether the platform was of 
solid pyrographite or normal graphite coated with 
tantalum carbide. 

It is certainly interesting to note the rather remark- 
able sensitivity of the 284.00 nm non-resonance line 
(Table 2). Though the 284.00 nm line was reportedly 
used’* for temperature measurements in the graphite 
furnace, there is no mention in the literature of any 
analytical application of it. 

The temperature of atomic vapour in electrothermal 
atomizers 

Several attempts ‘r-21 have been made to determine 
the temperature of the atomic vapour in graphite 
furnaces,‘**‘9 on fllaments*O and in metal tube atom- 
izers.2’ Most workers concluded that the temperature 
of the furnace fill gas (and hence the temperature of 
atoms) closely follows the wall temperature. 

In a system at thermal equilibrium, the resonance 
and non-resonance line peaks should appear simulta- 
neously. Previous work with palladium3 has shown 
that a considerable difference exists in the peak 
characterization times of the resonance and non- 
resonance lines. This should be taken to mean that 
the furnaces used were far from reaching thermal 
equilibrium during the evolution of the atom cloud. 

In the work of Manning” it was found that with 
wall-vaporization there is indeed a considerable 
difference in the peak times of the resonance and 
non-resonance lines. His results are summarized in 
Table 3, from which it may also be seen that even 
with platform-vaporization the difference in peak 
times still persists, even though much less than that 
for wall-vaporization. The logical conclusion is that 

Table 3. Peak times for tin (msec) under various vapor- 
ization conditions” 

224.6 nm 235.3 nm 

Wall 2350°C 200 300 
Wall 2500°C 190 270 
Platform 2350°C 1020 1060 
Platform 2500°C 890 970 

Atomization in an HGA-500 with pyrocoated furnaces and 
solid pyroplatforms. 

vaporization conditions are far from isothermal even 
with the use of a platform, and even one second after 
the onset of atomization. Even though Manning” 
used an experimental system different from ours, we 
consider that since the time-resolution of the de- 
tection systems and the heating rates of the furnaces 
are very similar, our data are directly comparable. 
Unfortunately we had no possibility to monitor the 
peak shapes with the present experimental arrange- 
ment. In an independent work, Ohta and Suzuki2’ 
also found different peak shapes for the 224.61 nm 
resonance and 235.48 nm non-resonance lines. These 
authors found that the peak for the non-resonance 
line appears later and at higher temperature than that 
for the resonance line. However, they found the 
non-resonance line to be less sensitive than the reso- 
nance line under their experimental conditions. It is 
indeed remarkable that our data and those of Man- 
ning and of Ohta and Suzuki are in such close 
agreement, in spite of the quite different instrumen- 
tation used (graphite furnaces of different design by 
us and Manning and a molybdenum microtube atom- 
izer by Ohta and Suzuki). This proves yet again, that 
when optimized experimental systems are used (high 
atomizer heating rates and high time-resolution of the 
detection system), reproducible, reliable and accurate 
results may be obtained from different laboratories. 

In view of the above we consider that the rather 
optimistic view of atomic-vapour temperature taken 
by previous workers is probably due to the inaccu- 
racy of the &values used in their calculations. Thus 
we believe it worthwhile to make further refinements 
in the design of furnace atomizers, with a view to 
increasing the atomic-vapour temperature. The “con- 
tour”22 and “curtain”23 tubes as well as the use of 
capacitive discharge heatinti4 with or without 
platform-vaporization may prove to be at least a 
temporary panacea for those ardently pursuing iso- 
thermality in non-isothermal, pulsed atomizers. 

Linearity of calibration curves 

In previous papers from this laboratory2-’ we dis- 
cussed the reasons for the linearity of the calibration 
graphs being better for non-resonance than for reso- 
nance lines. For tin we have found that the 235.48 nm 
non-resonance line gives a much more linear cali- 
bration than the 224.61 nm resonance line. However, 
the 286.33 nm resonance line yields just as linear a 
calibration (up to a peak-height absorbance of ca. 1). 
When speaking of the linearity of calibration curves 
we consider only the absorbance domain. With the 
detection system used, there is no instrumental con- 
tribution to the non-linearity of calibration curves. 

As mentioned earlier, we did the calibration by 
using various volumes of a single standard. Such a 
procedure was previously considered as inherently 
yielding less linear calibration than that from injec- 
tion of the same volume of solutions of different 
concentrations, on account of differences in the 
spreading when different volumes are injected. 
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Recent work in our laboratoryz5 on the reduction 
of interferences by use of carbide coatings showed 
that this is due to better spreading of the sample drop 
on the carbide coat than on pyrocoated or normal 
graphite surfaces. Aqueous samples will wet the 
carbide-coated surfaces, thus covering a larger sur- 
face area and hence reducing the risk of formation of 
macrocrystals of the matrix salts. In the case of 
carbide-coated platforms, even a 5-~1 sample will 
cover the whole recess in the platform. The same is 
true for a 20 ~1 sample, so the surface area covered 
will not be dependent on the sample volume, at least 
in the range 5-20~1. As a result of this, the cali- 
bration graphs constructed by use of various volumes 
of a single standard are just as linear as those 
constructed by using a constant volume and different 
solution concentrations. In the case of real samples, 
the magnitude of the tolerable background may set 
an upper limit for sample volumes, but for most 
aqueous samples it will be possible to use the varied 
volume method for calibration when a carbide-coated 
platform is used. Though only tantalum carbide was 
tested in the present work, it is quite likely that other 
carbide coatings will behave similarly. Tantalum car- 
bide was chosen because it is the only refractory- 
metal carbide that is not black, and the formation or 
destruction of the protective carbide layer can be 
monitored visually. 

Interference patterns of phosphoric acid 

Our previous results’-’ with non-resonance lines of 
different elements seemed to indicate that interference 
patterns may be different for resonance and non- 
resonance lines, as a result of the different appearance 
times of the two peaks. The non-resonance line would 
be expected to be more affected than the resonance 
line by vapour phase dissociation interferences at low 
atomizer heating-rates. In such cases, because of the 
early vaporization atoms will escape from the furnace 
before the gas temperature is high enough to popu- 
late excited states. However, with high heating rates 
(such as used in the present study) the whole mass of 
analyte plus matrix is vaporized practically instanta- 
neously and the non-resonance line should be less 
affected than the resonance line by vapour phase 
dissociation interferences. The non-resonance peak 
will occur later in time3J7*2’ (so at a higher atomic- 
vapour temperature), so the dissociation of molecular 
compounds should be more complete than at the time 
of measurement of the resonance line peak. 

The influence of phosphoric acid on the AAS of tin 
has been discussed by at least two groups of work- 
ers.2’,26 Though one group used a graphite-furnace 
atomize? and the other a molybdenum microtube, 
both noted considerable enhancement of the tin 
signal by phosphoric acid. Both also noted earlier 
appearance of the tin peak, i.e., at lower atomic- 
vapour temperature. 

Our results are shown in Fig. 2. It is seen that while 
1% phosphoric acid considerably enhances the tin 
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Fig. 2. Influence of phosphoric acid on tin signals. Atom- 
ization temperature 22OO”C, with vaporization from the 
wall. Wavelength 286.33nm. l -@-@ Peak height; 

O-0-0 Peak area. 

signal, there is signal depression at the 0.05% acid 
level. Our results illustrate that extreme care should 
be exercised when postulating positive or negative 
interferences since concentration of the interferent 
may have an important effect. Since we do not 
consider to have elucidated the effect of phosphoric 
acid on the tin signal, no line is drawn through the 
data points in Fig. 2. 

Since previous workers noted a shift of the tin peak 
towards lower temperatures we expected the non- 
resonance line to be more affected than the resonance 
line. Contrary to our expectations, the 235.48 nm 
non-resonance line is affected to the same extent as 
the resonance line. The interference patterns were the 
same with both wall- and platform-vaporization. 
Measurement with background correction showed 
that there was no molecular absorption, so the expla- 
nation should be sought elsewhere. The effect de- 
scribed above might have been expected, however, 
from the constancy of the relative sensitivity of the 
non-resonance line at different atomization tem- 
peratures (Table 2). More work is needed with other 
elements and various excited levels in order to eluci- 
date these phenomena. 

CONCLUSIONS 

The non-resonance lines of tin show a considerable 
analytical potential in electrothermal atomic- 
absorption spectrometry. 

The 235.48 nm non-resonance line has a sensitivity 
equal to that of the 224.61 resonance line, but gives 
better linearity of response and better detection limit. 
Vaporization from a solid pyrographite platform or 
a normal graphite platform coated with tantalum 
carbide gives a sensitivity twice that obtained by 
wall-vaporization. The atomization temperature 
seems to have little influence on the relative sensitivity 
of the non-resonance lines. It seems likely that the 
non-resonance lines originating at energy levels below 
ca. 4000 cm-’ are little affected by atomization tem- 
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perature, at least in the range normally used in come to give this step-child of atomic absorption its 
furnace work (2000-3000”). rightful place. 

The interference patterns of phosphoric acid are 
rather curious and the interaction mechanism is not 
yet clear. Low acid concentrations (0.05%) depress 
the signal, but higher concentrations (1%) enhance it. 

The calibration for tin (and other elements) may be 
done by placing various volumes of a single standard 
on a tantalum carbide coated platform. 
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Summary-Ion-selective electrodes based on silver chloride precipitates have been investigated in the low 
concentration range, by use of a specially designed cell of small volume. Electrode potential measurements 
and silver determinations in the corresponding solutions by atomioabsorption spectrometry were made. 
The results prove that the potential response of these ion-selective electrodes in the low concentration 
ranges is governed by inequality of the ion concentrations in the boundary zone of the test solution 
contacting the electrode membrane. This is a result of adsorption-desorption processes, a dissolution 
process followed by recrystallization of the silver chloride at the electrode membrane surface, and 
photoreduction of silver ions at the electrode surface. 

Our earlier studies’ on ion-selective electrodes based 
on silver iodide showed that use of a micro-cell with 
electrode membranes of relatively large surface area 
allowed information to be obtained for processes 
taking place at the electrode/solution interface. Devi- 
ations from the ideal Nemstian response at concen- 
trations below 10e4M were explained by 
adsorption-desorption processes, which means that 
the solubility of the precipitate-based membranes is 
not the only process to be considered in interpreting 
the behaviour of the electrode at concentrations near 
the detection limit. Silver iodide has a relatively low 
solubility product, and it is a question whether the 
same considerations hold for membranes based on 
precipitates with higher solubility products, such as 
silver chloride (for which2 Ksp is 1.56 x lo-‘O at 25”). 

Various authors have based theoretical equations 
on the solubility product, for describing the electrode 
potential us. activity function of silver chloride based 
ion-selective electrodes at low concentrations.>’ 
However, the theoretical and practical calibration 
curves did not match completely (e.g., in the work of 
Morf6*‘) but no detailed explanation for this anoma- 
lous behaviour was given. In spite of this, chloride 
has been determined potentiometrically at the ng/ml 
level, with good reproducibility, by optimization of 
the analytical conditions (temperature, etc.) for the 
particular analytical problem.&” 

The combined potentiometric and atomic- 
absorption technique described in our previous 
papers’st2 seemed to be appropriate for studying the 
membrane/solution interface processes in the case of 

the silver chloride based membrane electrodes, and to 
interpret their anomalous behaviour in the lower 
concentration ranges. 

EXPERIMENTAL 

Electrodes 

(a) A home-made AgCl-based homogenous pressed- 
pellet electrode. A mixture of 100 ml of 1M potassium 
chloride, 300 ml of distilled water and 100 ml of 1M nitric 
acid was potentiometrically titrated to the equivalence 
point, with 1M silver nitrate, a Radelkis OP-Ag-711 silver 
ion-selective electrode and OP 820 P Ag/AgCl, KNO, 
double-junction reference electrode being used. Analytical 
grade reagents were used throughout the work. 

(b) A home-made Ag,S/AgCl electrode, prepared as de- 
scribed earlier.” 

(c) An Ag/AgCl electrode of the second kind. A properly 
pretreated silver disc (12 mm diameter) was covered electro- 
lytically with a silver chloride layer.14 Pellets (diameter 
12mm) were pressed from the precipitates used for elec- 
trodes (a) and (b), at a pressure of 106N/cmZ, and were 
glued onto glass tubes with “Araldite”. The inner electrode 
was an Ag/AgCl electrode of the second kind, and the inner 
electrolyte was 10e3M potassium chloride. 

Cell and measuring device 

The same micro-cell and measuring method were used as 
described in our previous papers.‘~‘2 The volume of the cell 
was 300 ~1 and the electrode potentials were measured every 
minute after immersion of the electrodes, but the readings 
taken at the tenth minute were accepted as the final value. 
After the potential measurements the actual silver concen- 
trations of the solutions were determined by atomic- 
absorption spectrometry (Varian AA6 instrument). All po- 
tential measurements were done at 25 k 0.5”. 

Conditioning of the electrode membranes 

Before potentiometric measurements were made the elec- 
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trodes were conditioned in most cases in stirred distilled 
water for 30 min, or in special cases in counter-ion solutions, 
e.g., in 0.M potassium chloride before investigation of 
silver-ion response and in O.lM silver nitrate before that of 
chloride-ion response. 

Calibration was done over the concentration range 
10-6-10-2M silver nitrate or potassium chloride, in both 
micro- and macro-cells. The activity values were calculated 
by means of the Debye-Hfickel theory.r5 

RESULTS AND DISCUSSION 

Fig. 2. Calibration graphs for an Ag,S/AgCI electrode in 
the micro-cell. 

The calibration graphs for the three kinds of elec- 
trode are presented in Fig. 1. The graphs are similar 
but the E” values differ slightly, which is in agreement 
with the earlier findings of Marton and Pungor.‘6 

To follow membrane/solution interface reactions 
by measuring the activity changes in the test solution, 
the potentiometric calibrations were repeated with 
the Ag,S/AgCl-based electrode in the micro-cell 
(Fig. 2) after the electrode had been conditioned in 
distilled water. Similar curves were obtained with the 
other two types of electrodes. 

Figure 2 shows that the calibration graphs for 
silver and chloride are not mirror images. To com- 
pare the experimental and theoretical curves, the 
latter were calculated on the basis of the existing 
theories based on the solubility equilibrium 
(K, = 1.5 x lo-” at 25”). With the E” data obtained 
from extrapolation of the calibration graphs, the 
theoretical calibration curves supposed to be valid in 
the region of the lower detection limit were calculated 
by using the following equation:’ 

the membrane material and R, T and F have the usual 
electrochemical meaning. Theoretically the two cali- 
bration graphs should be mirror images, but Fig. 2 
shows that the theoretical curve for silver-ion re- 
sponse is higher than the experimental one. 

To interpret this anomalous behaviour, the follow- 
ing processes were considered: dissolution of the 
membrane material; adsorption and recrystallization 
of the membrane surface layer; kinetic processes; 
photoreduction. 

E=E’-&$ln 
UY + [a; + 4KP]“2 

2 > 
(1) 

where E is the calculated electrode potential, E” is the 
standard potential, ay is the activity of the ionic 
species (Ag+ or Cl-), Kp is the solubility product of 

. Mlxed 
0 Second kind 
x AgCl pure 

Dissolution of the membrane material 

Figure 3 shows the rate of dissolution of silver ions 
from the surface of the Ag,S/AgCl-based membrane 
in the microlitre cell filled with distilled water (similar 
curves were recorded for the other two types of 
electrode). The silver concentration was measured 
both potentiometrically in a microcell and by AAS. 
The dissolved silver concentrations measured in the 
tenth minute after the introduction of the electrode 
into the micro-cell are compared and summarized in 
Table 1. The silver concentration was found to be 
about 2-4 x 10m6M, which is much less than expected 

10x10-6 - 
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Fig. 1. Calibration graphs for the three types of silver 
chloride electrodes (25 ml solution volumes). 

Fig. 3. Silver-ion dissolution as a function of time; mea- 
sured in a 300~~1 cell with an Ag,S/AgCl membrane in 

contact with distilled water. 
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Table 1. The silver and chloride ion concentrations in 300~1 of distilled water in contact 
with different types of AgCl-selective electrodes 

Type of electrode 

LQ+l 
[Cl-], 10-6M 

measured by AAS, Calculated by 
1O-6M solubility equilibrium 

from [Ag+] data Measured by 
Average KSD, % measured Cl- electrode 

AgCl pressed pellet 
Ag,S/AgCl pressed 

pellet 
Ag/AgCl of the 2nd 

kind 

3.0 5.0 52 50 
3.85 2.0 40.5 50 

2.75 1.0 51 40 

for equilibrium solubility. If we assume that the 
solubility equilibrium still holds at the 
membrane/solution interface, the chloride concen- 
trations calculated from Z&, and the silver concen- 
tration measured by AAS are about one order 
of magnitude higher than the silver concentrations 
(Table 1, second column). The chloride concen- 
trations (determined as described later) are also sum- 
marized in Table 1 and indicate that the concen- 
trations of the silver and chloride ions in a solution 
in contact with silver chloride are not equal. 

Adsorption of ions on the membrane surface; re- 
crystallization of the surface layer 

The difference between the silver and chloride ion 
concentrations in distilled water in contact with a 
silver chloride membrane may be interpreted as due 
to the different adsorptivity of the two ions on the 
AgCl pellets. To prove the existence of adsorption the 
actual silver ion concentrations were measured dur- 
ing calibration with a series of standard silver nitrate 
or potassium chloride solutions (Table 2). Evidently 
at low silver concentrations (I 10W6M) the effect of 
dissolved silver ions cannot be neglected, but at 
higher concentrations the decrease in the bulk con- 
centrations, caused by adsorption, seems to be more 
important. This phenomenon characterized by the 
decrease in silver ion concentration is supposed to be 
followed by formation of silver chloride microcrystals 
on the membrane surface. For the chloride cali- 

bration, on the other hand, the AAS values for the 
silver concentration are around 10e6A4 or less, which 
is lower than the values calculated on the basis of the 
solubility equilibrium. 

The phenomenon is even more pronounced if we 
treat an AgCl-based electrode with the counter-ion 
before the calibration (e.g., conditioning for 30 min 
in stirred O.lM chloride before the silver calibration 
and oice versa). The counter-ion treatment is also 
characterized by the potentiometric behaviour shown 
in Fig. 4, where the silver and chloride calibration 
curves cross each other if counter-ion treatment is 
used. The values given at the points of the curves are 
the actual silver concentrations measured by AAS. 
This anomalous deviation of the calibration curves is 
rectified by replotting the calibration curve with the 
silver concentrations actually measured by AAS, 
instead of the nominal values (Fig. 5). It is evident 
from Fig. 5 that the Nernstian behaviour for silver 
holds even down to 10m6M. From these results, it 
may be concluded that the detection limit is governed 
by the actual concentration of the revelant ions in the 
solution boundary phase, which is affected by ad- 
sorption and microcrystal formation with counter- 
ions; the latter effect always exists, owing to dis- 
solution of the electrode membrane material. 

Figure 6 shows electromnicrographs (mag- 
nification x 540) of the surface of the Ag,S/AgCl 
electrodes; A shows the surface of a polished but 
non-treated electrode pellet, B the surface of a pellet 

Table 2. Silver concentrations measured in the 3OOql cell by AAS and by 
potentiometry (with calibration of the AgCl-based electrode in the same cell 

with AaNO, or KC1 solutions) 

Nominal Measured silver concentration, M 
sample concentration, AgNO, KC1 

M solution solution 

Without 
electrode 
conditioning 

0 (distilled water) 2.9 x 1O-6 3.1 x 10-h 
1o-6 4.3 x 1o-6 3.1 x 10-G 
1o-5 8.1 x 1O-6 2.3 x 1O-6 
10-d 8.4 x 1O-5 1.1 x 10-G 
10-j 9.4 x 10-d 5.4 x 10-7 

Electrode 
conditioned 
with O.lM 
counter-ion 

0 (distilled water) 
10-G 
10-5 
IO-4 

1.8 x 1O-6 
2.8 x 1O-6 
8.3 x 1O-6 
9.2 x 1O-5 

- 

4.6 x 1O-5 
8.6 x 10-G 
3.1 x 10-e 
1.4 x 10-b 
7.0 x lo-’ before calibration IO-’ 
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Fig. 4. Calibration graphs for an AgCl electrode after 
conditioning in counter-ion solutions: (A) treatment with 

O.lM KCl; (B) treatment with O.lM AgNO,. 

treated with O.lM silver nitrate for 30 min, and C 
shows the electrode surface after treatment in 0.1 M 

potassium chloride for 30 min. The pictures clearly 
show the formation of microcrystals at the surface, 
indicating that a recrystallization process takes place 
during use of the electrode. 

Kinetic processes 

These time-dependent membrane/solution inter- 
face processes were studied by recording potential vs. 
time curves. If it is supposed that the anion and 
cation activities in a solution contacting an AgCl 
membrane are at the same level as a function of time, 
then the potential measured in the micro-cell should 
not change with time. This means that E vs. t curves 
with a positive or negative slope are a proof of 
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Fig. 5. Emf US. log C,, in the dissolution range for the 
AgCl electrode. 

unequal concentration of cation and anion in the 
boundary zone of the test solution. Typical examples 
of E vs. t curves are shown in Fig. 7. For chloride, the 
potentials measured in a micro-cell filled with distilled 
water generally decrease with time (curve c) in con- 
trast to the case for a macro-cell (curve d). In the 
latter case, the E vs. t curve is horizontal, which 
probably means that the effects of deposition or 
dissolution of the component ions of the membrane, 
on the primary ion activities in the boundary zone of 
the sample solution, are not so pronounced, owing to 
the steady-state diffusion of the ions dissolved, to- 
wards the bulk. E vs. t curves with a negative slope 
suggest that chloride ions are in excess in the solution 
phase, compared to silver ions. This conclusion is 
consistent with the results obtained in the work on 
dissolution of the membrane material. The E vs. t 
curves which exhibited an increase in chloride con- 
centration with time in the microlitre cell were used 
to determine the chloride ion concentration dissolved 
from the membrane, as mentioned above. 

The measurement of the actual dissolved chloride 
concentration was attempted in the following way. 
During 10 min after the immersion of the electrode in 
distilled water in a micro-cell the ion activities de- 
velop according to the solubility equilibrium and the 
corresponding electrode potential can be measured. 
The chloride ion concentration at the tenth minute 
was evaluated by means of a chloride calibration 
curve recorded in the micro-cell a few seconds (“zero 
minutes”) after immersion of the electrode; it is 
supposed that at this time the dissolution of the 
electrode membrane material is insufficient to 
influence the bulk concentrations. The concentration 
data obtained by this method are in good correlation 
with the calculated values (Table 1, third column). 
This evaluation method was also checked by means 
of a calibration curve plotted on the basis of macro- 
cell measurements. 

Photoreduction 

Ion-adsorption at the membrane surface does not 
explain satisfactorily the anomaly observed in the low 
concentration ranges. There must also be another 
effect, which is more pronounced for the silver re- 
sponse than the chloride response and results in a 
deviation from the theoretical silver calibration graph 
in the direction of more negative potential values. 

As silver chloride is photosensitive, the photo- 
effect has also to be considered in interpretation of 
the anomalous response behaviour. If it is supposed 
that there is photoreduction of the adsorbed silver on 
the solid membrane face or of the silver chloride 
membrane material, to metallic silver, e.g.,” 

2Ag+ + 2HrO --% 2Ag + H,Or + 2H+ 

2AgCI -% 2Ag + Cl, 

and 

Cl,+H,O-tHOCI+HCl 
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(b) 

Fig. 6. Electron micrographs of Ag,S/AgCl membrane surfaces. (a) Polished untreated membrane surface; 
(b) membrane surface after treatment in 0. IM AgNO, for 30 min; (c) membrane surface after treatment 

in 0.144 KC1 for 30 min. Magnification x 540. 
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Fig. 7. Emf us. time functions for an AgCl electrode: (A) 
after treatment in O.lM AgNO,, measured in 300 ~1 of 
distilled water; (B) after treatment in O.lM KCl, measured 
in 300 ~1 of distilled water; (C) without treatment, measured 
in 300 ~1 of distilled water; (D) without treatment. measured 

in 25 ml of distilled water. 

then the silver concentration in the solution phase 
should decrease. Thus the shift of the E vs. t curves 
towards more negative potentials is even more under- 
standable. Some decrease in the silver concentration 
of the test solutions could also be attributed to the 
action of light, since the experiments were all done in 
daylight. 

The photoreduction can be made more pro- 
nounced by irradiation with ultraviolet light. To 
prove the effect of photoreduction the following 
studies were made. A l-g portion of the Ag,S/AgCl 
precipitate used for pressing the membrane pellets 
was suspended in 20 ml of distilled water and stirred 
for 10 min. The pH and the chloride and silver 
concentrations of the solution were then measured. 
The pH was found to be 5.6, [Cl-] 1.1 x 10m5M and 
[Ag+] 2.5 x 10-6M. 

The suspension, in a quartz beaker, was then 
irradiated with ultraviolet light for 10 min. After 
irradiation the pH had decreased to 4.7, and [Cl-] 
had increased to 1.5 x 10e4M. The silver concen- 
tration measured by AAS was 3.6 x 10e6M: that 
determined potentiometrically was 1 x 10e6M. The 
slight difference in silver concentrations observed 
could be explained by the fact that the AAS data give 
the total silver concentration, not just the ionic 
concentration. 

Similar experiments done with the micro-cell con- 
taining a silver chloride ion-selective membrane elec- 

trode in contact with distilled water confirmed these 
findings. 

These experiments explain the data shown in Fig. 
7, curve A, and prove that the photoeffect must also 
be taken into consideration in interpretation of the 
response of the AgCl-based chloride electrode at low 
concentrations. 

CONCLUSION 

From the experimental findings it can be concluded 
that the potential response of the silver chloride 
ion-selective electrodes in the low concentration 
ranges is governed by inequality in the ion concen- 
trations in the boundary zone of the test solution in 
contact with the electrode membrane. This is a result 
of adsorption-desorption processes and a dissolution 
process followed by formation of microcrystals of 
silver chloride at the electrode membrane surface. 
The effect of light may also contribute to the anom- 
alous pote.rtiometric behaviour observed. These 
effects were found for the three different types of 
AgCl-based ion-selective electrodes tested. 
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Summary-A systematic study has been made of the extraction of potassium p-nitrophenoxide from 
aqueous medium into a number of organic solvents that are immiscible or partly miscible with water, in 
the presence of several macrocyclic crown ether and cryptand complexing agents. The efficiency of 
extraction varies extremely widely with the nature of the ligand and the solvent. For some solvent systems, 
DC-18-C-6 is more efficient than [2.2.2] cryptand as an extractant. The extraction values, however, provide 
only limited insight into the fundamental reasons behind the observed results. Hence equilibria involved 
have been considered and the results analysed in terms of the equilibrium constants. The microscopic and 
macroscopic properties of these systems are discussed. 

Macrocyclic crown ethers and cryptands have found 
increasing use in various areas of chemistry through 
their characteristic ability to bind metal cations.‘-’ 
One important usage results from the solubilization 
of typical inorganic salts in non-polar and polar 
aprotic organic solvents, enabling reaction of the salts 
with a variety of organic compounds in homogeneous 
solution. Concomitantly, the binding of the metal 
cation by the macrocyclic ligands often leads to 
greatly enhanced reactivity of the “naked”6 anion;? 
hence such macrocycles can be of special value in 
studies of nucleophilic reactivity as well as in proton- 
abstraction processes.* 

Partition of metal cation complexes of macrocyclic 
polyethers and cryptands between water and organic 
solvents has been extensively used as a measure of the 
complexing capability of the ligands.’ Indeed, newly 
synthesized ligands are generally examined in this 
manner.lW12 However, despite the importance of ex- 
traction studies, for example in membrane model 
systems,r3,14 analytical applicationsI and phase- 
transfer catalysis,16 systematic studies have seldom 
been made. 

In the present paper we report the results of a 
systematic study of the extraction of potassium 

*Part of this work was presented at the Fifth Symposium 
on Macrocyclic Compounds, Provo, Utah, 1981. 

tSpecial cases are known, however, in which the macro- 
cyclic ligands have a retarding effect on the rate.’ 

p-nitrophenoxide from aqueous medium into a num- 
ber of organic solvents, with several common macro- 
cyclic ligands as complexing agents. At the simplest, 
though nonetheless useful, level, the study provides a 
systematic body of data on the efficiency of the 
various ligand/solvent systems for extraction of 
potassium with p-nitrophenoxide as counter-ion. 
One advantage of the latter is the ease of its 
spectrophotometric measurement. At a deeper level, 
analysis of the equilibrium constants involved in this 
system provides insight into the fundamental 
relationships governing extractions, such as 
solute-solute and solute-solvent interactions, in the 
context of the special properties of the macrocyclic 
ether and cryptand ligands and their interactions with 
metal cations. 

RESULTS 

The extraction study was performed with 
dicyclohexano-18-crown-6 ether (DC-18-C-6), 
dibenzo-18-crown-6 ether (DB- 18-C-6), 18-crown-6 
ether (18-C-6), and [2.2.2]cryptand (2,2,2) as the 
complexing agents. The stability constants (&) of the 
potassium complexes with these ligands in water are 
known (Table 1). The distribution constants (Kdc) of 
the ligands between the aqueous and organic phases 
were determined by the method of Frensdorff2 and 
are also given in Table 1. 

The degrees of extraction of potassium p-nitro- 
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Extrac- 
Complexing tion 

Table 1. Distribution constants (&) between the aqueous phase and organic solvents for macrocyclic 
ligands, and stability constants (KJ in water 

Ligand 

L\ 

Kdc 

DC- 18-C-6 DB-18-C-6 18-C-6 (2.2.2) 

1 Methylene chloride 2.00 x 103 > 104* 5.00 5.00 
2 Anisole 1.74 x lo* >104* 0.13 0.69 
3 Phenetole 1.23 x lo* > 104* 0.33 0.90 
4 TFTPt 41.3 2.04 x lo* 0.23 0.37 
5 1 ,CDioxaspiro-[4,5]decane 1.65 x lo* > 104* 0.24 0.012 
6 nPropy1 THPEg 57.0 > 104* 0.11 0.48 
7 Isobutyronitrile 53.8 3.11 x 102 0.17 0.53 
8 Phenylacetonitrile 9.06 2.52 0.27 0.43 
9 Adiponitrile 78.3 > 104* 12.3 0.34 

10 2-Methyl-3-hexanone 46.8 2.86 x lo* 0.13 0.083 
11 Cyclohexanone 22.4 6.30 x lo* 0.13 0.25 
12 Acetophenone 1.65 x lo* >104* 0.20 0.36 
13 Cyclohexanol 1.70 x 102 >104* 0.34 1.56 
14 2-Phenylethanol 7.75 x lo* >104* 6.50 0.68 
15 tert.-Amy1 alcohol 1.23 x lo* 1.94 x lo* 0.53 1.33 
16 Benzyl alcohol 3.06 x lo* > 1o4* 4.20 1.38 

K, 1001 45s 1157 2.5 x lo’** 

*Lower limit for Kdc by use of the experimental method.* 
t2-(Tetrahydrofurfuryloxy)tetrahydropyran. 
§n-Propyl tetrahydropyran ether. 
SReference 17. 
+ Reference 18. 
TReference 19. 
**Reference 20. 

Table 2. Equilibrium constants* and degree of extraction for potassium p-nitrophenoxide with complexing agents between 
aqueous phase and organic solvents 

Solvent agent _ % &S K: k; Kda 

1 Methylene 
chloride 

2 Anisole 

3 Phenetole 

4 TPTP 

5 1,4-Dioxaspiro- 
[4,5]decane 

6 nPropy1 
THPE 

7 Isobutyronitrile 

DC-l 8-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

- 
DC-l 8-C-6 
DB-18-C-6 

18-C-6 
(2,222) 

DC-l 8-C-6 
DB-I 8-C-6 

18-C-6 
(2,2,2) 

- 
DC-18-C-6 
DB- 18-C-6 

18-C-6 
(2,232) 

DC- 18-C-6 
DB-18-C-6 

18-C-6 
(222) 

- 
DC- 18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

- 
DC-l 8-C-6 
DB-18-C-6 

18-C-6 
(2,292) 

0 
88.0 
9.0 

34.8 
99.9 

0 
68.2 
0.36 
0.19 

10.1 
0 - 

31.2 
5.4 
3.6 
8.3 
7.5 0.32 

16.2 
6.9 
1.0 
2.9 
0.9 3.76 x lo-* 

24.1 
0.7 
1.1 
6.0 
0 - 
5.0 
0 
0 
4.5 
3.3 0.14 

94.7 
62.8 
20.6 
73.4 

1.57 x 102 1.61 x 10r 3.24 x 10” 
3.40 3.50 7.70 x 102 
9.40 82.8 3.60 

2.90 x lo4 1.10 x 108 2.30 x 10’ 

42.4 52.6 91.6 
1.06 0.19 42.2 

3.40 x lo-* 33.5 3.79 x 10-2 
2.70 2.36 x lo5 0.65 

8.90 13.2 16.2 
13.2 13.3 2.97 x lo3 
0.92 1.33 x 102 0.38 
2.33 2.86 x IO5 1.04 

1.59 x 102 2.80 x 10’ 1.16 x 10r 8.76 x lo* 
1.10 x 102 1.26 x lo* 5.77 x lo* 3.94 x 102 

15.5 4.70 x lo* 0.940 1.47 x 103 
21.6 4.22 x IO6 6.25 1.32 x 10’ 

12.0 14.7 24.3 3.91 x lo2 
11.3 8.08 1.81 x lo3 2.15 x lo* 
0.60 92.2 0.20 2.45 x 10r 
3.60 1.88 x 10’ 0.90 5.00 x lo* 

2.63 4.09 
- - 

2.33 
- 

- 
3.60 4.29 x lo5 

- 
0.830 

8.92 x 10’ 1.38 x IO4 7.42 x 10) 9.86 x 104 
1.55 x 103 1.65 x 10’ 1.16 x lo4 1.19 x 104 
2.05 x 102 3.73 x 104 55.1 2.66 x lo5 
2.26 x 10’ 2.75 x lo* 5.84 x lo* 1.96 x lo9 

K. 



Macrocyclic crown ethers and cryptands 

Table 2-cont. 

587 

Solvent 

Extrac- 
Complexing tion 

agent % Kds K: K. 

8 Phenylaceto- 
nitrile 

9 Adiponitrile 

10 2-Methyl-3- 
hexanone 

11 Cyclohexanone 

12 Acetophenone 

13 Cyclohexanol 

14 2-Phenylethanol 

15 tert-Amy1 
alcohol 

16 Benyl 
alcohol 

- 
DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

- 
DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

- 
DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

- 
DC-l 8-C-6 
DB- 18-C-6 

18-C-6 
(2,2,2) 

- 
DC-18-C-6 
DB- 18-C-6 

18-C-6 
(2,2,2) 

DC-l 8-C-6 
DB- 18-C-6 

18-C-6 
(2,2,2) 

DC- 18-C-6 
DB- 18-C-6 

18-C-6 
(2,2,2) 

DC-l 8-C-6 
DB-18-C-6? 

18-C-6 
(222) 

- 
DC-18-C-6 
DB- 18-C-6 

18-C-6 
W,2) 

61.8 
80.1 
25.8 
13.8 
82.7 
45.7 
96.4 
90.8 
67.1 
90.9 

2;5 
616 
2.0 
6.0 

18.6 
90.2 
22.7 
29.8 
81.2 
5.3 

92.6 
74.6 
32.1 
92.6 
41.1 
69.6 
18.8 
39.3 
89.2 
11.7 
82.6 
72.7 
81.0 
98.0 
43.8 
49.3 
16.7 
17.3 
67.4 
18.9 
78.4 
73.8 
84.0 
93.6 

6.47 

3.36 

- 

9.38 

0.22 

28.0 

5.28 

31.6t 

9.4 

3.01 x 103 3.22 x IO’ 
2.95 x 102 4.73 x IO’ 
1.24 x lo2 3.72 x 104 
3.84 x IO’ 1.54 x IO9 

1.94 x 104 
7.48 x IO3 
1.31 x 103 
6.87 x IO3 

4.95 x IO4 
1.44 x 104 
8.43 x IO’ 
2.43 x IO9 

2.77 x IO* 
97.7 

9.8 
71.7 

4.38 x IO* 
1.05 x 102 
2.63 x IO3 
3.84 x 10’ 

5.47 x 104 
1.29 x 104 
3.66 x IO’ 
4.00 x 104 

8.81 x 104 
1.64 x 104 
1.54 x 105 
1.24 x IO9 

1.68 x 104 
2.19 x IO’ 
2.41 x IO* 
6.16 x 103 

2.07 x IO4 
2.33 x IO3 
3.78 x IO4 
1.14 x 109 

1.96 x IO4 
8.15 x IO3 
4.37 x IO-’ 
7.70 x 104 

3.51 x 104 
1.45 x IO4 
1.07 x 105 
5.53 x 108 

3.34 x IO4 
2.02 x IO’ 
3.65 x IO4 
3.98 x IO’ 

3.73 x 104 
2.31 x IO4 
6.94 x 104 
4.06 x IO9 

5.81 x IO3 
2.14 x IO’ 
1.38 x IO3 
1.72 x I@ 

1.08 x IO4 
4.30 x IO’ 
2.96 x IO’ 
1.52 x 10s 

2.80 x IO4 
2.33 x IO4 
4.42 x IO4 
1.45 x 105 

3.55 x IO4 
2.89 x IO4 
1.1 x IO’ 

7.96 x IO* 

Kdes K 

2.91 x IO’ 
2.66 x 102 

88.7 
2.63 x IO’ 

3.87 x IO4 
3.21 x IO6 
8.98 x IO* 
3.28 x lo3 

2.05 x lOr 
6.72 x IO* 

2.56 
12.8 

1.98 x IO4 
2.28 x IO5 
1.74 x 102 
1.24 x IO3 

3.40 x 104 
5.20 x IO” 

66.3 
1.63 x IO3 

5.97 x IO4 
3.25 x IO6 
3.20 x IO* 
3.45 x IO’ 

2.89 x IO5 
5.16 x IO6 
3.92 x IO’ 
1.11 x 104 

1.33 x 104 
1.87 x IO4 

13.5 
8.13 x IO* 

1.09 x IO’ 
6.48 x IO6 
4.0 x 103 
4.39 x IO’ 

4.98 x IO3 
7.31 x 102 
5.75 x IO3 
2.39 x 108 

1.47 x IO4 
4.29 x IO’ 
2.51 x IO’ 
7.23 x IO* 

9.39 x 103 
1.75 x IO’ 
1.64 x 104 
1.33 x 108 

9.39 x 104 
1.06 x IO4 
1.72 x 10s 
5.18 x IO9 

1.25 x IO3 
5.18 x IO* 
3.84 x IO’ 
1.97 x IO’ 

7.06 x IO’ 
4.37 x IO’ 
1.31 x IO4 
7.69 x IO* 

3.42 x IO* 
1.52 x IO3 

93.6 
4.81 x IO6 

3.78 x lo3 
3.07 x IO’ 
1.17 x IO4 
8.41 x IO’ 

*The units are not given-they can be deduced from the relevant equations. 
tFor tert.-amyl alcohol, the experiments with DB-18-C-6 were done with a different KOH concentration from that used 

with the other complexing agents (see Table 3), necessitating the measurement of a new I&, value (2.83) under those 
conditions, for use in the calculation of KL, K,, Kdes and K,. 

phenoxide were determined spe.ctrophotometrically.* 
In the procedure used, both potassium and ligand 
were usually present in excess. Results obtained in the 
absence and presence of ligand are given in Table 2. 
The former yield the distribution coefficient of the 
salt, Kds, between the aqueous and organic phases. 
Other equilibrium constant data, as defined in the 
next section and calculated according to the method 
given in the Appendix, are presented in Table 2. 

To test the procedure, sample calculations were 
done for various concentrations of potassium hy- 
droxide and complexing agent; the resulting -k; values 
showed satisfactory agreement, contkming that the 

scheme accommodates variations in the wncen- 
trations of potassium hydroxide and complexing 
agent as well as of the salt. 

DISCUSSION 

The results show a wide range in the effectiveness 
of the macrocyclic ligands in extraction of potassium 
p-nitrophenoxide from aqueous medium into organic 
solvents of various polarities. To explain the observed 
differences in behaviour, an analysis of various fac- 
tors which determine the microscopic and macro- 
scopic properties of the systems is presented. 
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Table 3. Initial concentrations of complexing agent (C), p-nitrophenol (ArOH) and potassium hydroxide in the extraction 
experiments 

Solvent 
Complexing Extraction, 

agent (C) % 

1 Methylene chloride 

2 Anisole 

3 Phenetole 

4 TFTP 

5 l &Dioxaspiro-[4,5]decane 

6 n-Propyl THPE 

7 Isobutyronitrile 

8 Phenylacetonitrile 

9 Adiponitrile 

10 2-Methyl-3-hexanone 

11 Cyclohexanone 

12 Acetophenone 

13 Cyclohexanol 

14 2-Phenylethanol 

15 tert.-Amy1 alcohol 

16 Benzyl alcohol 

DC- 18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-l 8-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(X2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,292) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-l 8-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(X2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC- 18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2>2,2) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

DC-l 8-C-6 
DB-18-C-6 

18-C-6 
(2,292) 

DC-18-C-6 
DB-18-C-6 

18-C-6 
(X2,2) 

DC- 18-C-6 
DB-18-C-6 

18-C-6 
(2,2,2) 

88.0 
9.0 

34.8 
99.9 
68.2 
0.36 
0.19 

10.1 
31.2 

5.4 
3.6 
8.3 

16.3 
6.9 
1.0 
2.9 

24.1 
0.73 
1.20 
6.0 
5.0 
- 
- 
4.5 

94.7 
62.8 
20.6 
73.4 
80.1 
25.8 
13.9 
82.7 
96.4 
90.8 
67.4 

$3 
6.6 
2.0 
6.0 

90.2 
22.7 
29.8 
81.2 
92.6 
74.6 
32.1 
92.6 
69.6 
18.8 
39.6 
89.2 
82.6 
72.7 
81.0 
98.0 
49.3 
16.7 
17.3 
67.4 
78.4 
73.8 
84.0 
93.8 

4.65 x lo-* 
4.82 x lo-* 
4.65 x lo-* 
4.68 x lo-* 
4.62 x lo-* 
4.73 x 10-2 
4.73 x 10-2 
4.73 x 10-Z 
4.85 x lo-* 
4.85 x lo-* 
4.85 x lo-* 
4.85 x lo-* 
5.75 x 10-d 
5.75 x 10-d 
5.75 x 10-4 
5.75 x 10-d 
4.29 x 10-2 
4.29 x lo-* 
4.29 x lo-* 
4.29 x 10-2 
4.96 x lo-* 
4.96 x IO-* 
4.73 x 10-2 
4.96 x lo-* 
6.67 x 1O-4 
6.67 x 1O-4 
6.67 x 1O-4 
6.67 x 1O-4 
4.92 x 1O-4 
4.92 x 1O-4 
4.92 x 1O-4 
4.92 x 1O-4 
5.08 x 1O-4 
5.08 x 1O-4 
5.08 x 1O-4 
5.08 x 1O-4 
5.03 x 10-a 
5.03 x 10-d 
5.03 x 10-d 
5.03 x 1o-4 
4.80 x 1O-4 
4.80 x 1O-4 
4.80 x 1O-4 
4.80 x 1O-4 
5.12 x 1O-4 
5.12 x 1O-4 
5.12 x 1O-4 
5.12 x 1O-4 
5.26 x 1O-4 
5.26 x 1O-4 
5.26 x 1O-4 
5.26 x 1O-4 
5.23 x 1O-4 
5.23 x 1O-4 
5.23 x 1O-4 
5.23 x 1O-4 
4.98 x 1O-4 
4.70 x 10-d 
4.98 x 1O-4 
4.98 x 1O-4 
4.78 x 1O-4 
4.78 x 1O-4 
4.78 x 1O-4 
4.78 x 1O-4 

0.25 0.263 
0.25 0.123 
0.25 0.26 
0.125 9.80 x lo-* 
0.25 0.263 
0.25 1.36 x lo-* 
0.25 0.197 
0.25 0.175 
0.50 0.119 
0.50 1.12 x 10-Z 
0.50 0.100 
0.50 8.10 x 1O-2 
0.25 5.00 x 10-s 
0.25 2.70 x lo-’ 
0.25 4.87 x 1O-3 
0.25 5.45 x lo-’ 
0.25 0.120 
0.25 6.89 x lo-) 
0.25 8.17 x lo-* 
0.25 7.56 x lo-* 
0.25 8.40 x lo-* 
0.25 8.70 x 1O-4 
0.25 7.70 x 10-2 
0.25 5.54 x lo-* 
0.25 8.69 x lo-’ 
0.25 4.78 x lo-’ 
0.25 5.16 x 1O-3 
0.25 5.36 x lo-) 
0.25 5.40 x 10-j 
0.25 4.70 x 10-S 
0.25 5.20 x 1O-3 
0.25 5.09 x 10-S 
0.25 5.85 x lo-’ 
0.25 5.40 x 10-x 
0.25 6.60 x 10-X 
0.25 5.86 x 1O-3 
0.25 6.10 x 1O-3 
0.25 2.82 x 10-l 
0.25 8.26 x lo-’ 
0.25 5.00 x 10-j 
0.025 6.65 x lo-’ 
0.025 1.00 x 10-j 
0.025 4.80 x lo-’ 
0.025 4.72 x 1O-3 
0.25 3.43 x 1o-3 
0.25 5.80 x 1O-3 
0.25 8.00 x 1O-3 
0.25 8.56 x 1O-3 
0.025 4.92 x 1O-3 
0.025 1.20 x 10-a 
0.025 6.14 x 1O-3 
0.025 4.64 x 10-s 
0.025 6.28 x 1O-3 
0.025 5.70 x 10-3 
0.025 5.10 x 10-J 
0.025 5.67 x lo-’ 
0.025 6.92 x 1O-3 
0.25 4.00 x 10-d 
0.025 6.10 x lo-’ 
0.025 5.08 x 1O-3 
0.025 5.54 x 10-s 
0.025 5.20 x lo-’ 
0.025 5.20 x lo-’ 
0.025 4.53 x 10-j 
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I& values 

An important consideration in these extractions is 
partition of the ligand itself between the aqueous and 
organic phases. Earlier studies have shown that 
ligands such as (2,2,2), 18-C-6 and their analogues 
strongly prefer the aqueous phase to a purely hydro- 
carbon solvent such as cyclohexane. The present 
results, for organic solvents of varying polarity, show 
that for the cyclohexano- and benzo-ligands there is 
in all cases a strong preference for the organic phase. 
With the exception of phenylacetonitrile, where &, 
(DC- 18-C-6) > &c (DB- 18-C-6), the largest values of 
X, are observed for DB-18-C-6, which is clearly in 
accord with the hydrophobic nature of this ligand. 
On the other hand, for (2,2,2) and 18-C-6 there is 
generally a preference for the aqueous phase, which 
is in accord with the more hydrophilic nature of these 
ligands. 

It should also be noted that in the presence of a 
complexing salt, the partitioning of the ligand into 
the aqueous phase will be accentuated. This means 
that in considering extraction equilibria it is generally 
not valid to regard the ligand as confined to the 
organic phase (vi& infra). 

Kdr values 

The results in Table 2 show that though potassium 
p-nitrophenoxide is not detectably soluble in methyl- 
ene chloride or the ethereal solvents anisole, phen- 
etole or n-propyl THPE (n-propyl tetrahydropyran 
ether), it is somewhat soluble in several of the more 
polar solvents, especially cyclohexanol, tert-amyl 
alcohol, phenylacetonitrile and adiponitrile. How- 
ever, quantitative evaluation of this factor is compli- 
cated by the fact that some of these organic solvents 
are miscible to various degrees with water, which 
might be expected to influence strongly the partition- 
ing of the salt between the two phases. This par- 
titioning, however, must be allowed for in calculation 
of the various constituent equilibrium constants in 
the subsequent treatment. 

Extraction eficiencies 

The results in Table 2 show that the degree of 
extraction varies widely, depending on the solvent 
and ligand used. The ethereal solvents n-propyl 
THPE, TFTP [2-(tetrahydrofurfuryloxy)tetrahydro- 
pyran] and l+dioxaspiro(4,S)decane are quite poor 
in this respect, while phenetole and anisole are 
marginally better. Also, somewhat surprisingly, 
2-methyl-3-hexanone is considerably poorer than the 
other ketones. With these exceptions, it is clear that 
efficient extraction can be achieved with most of these 
solvents, especially with DC-18-C-6 and (2,2,2) as the 
ligands. It is noteworthy that in some cases DC-18- 
C-6 is in fact more efficient than (2,2,2), which could 
have important practical implications in view of the 
large difference in cost of these ligands. It is, however, 
difficult to make strict comparisons of the extraction 

TAL 31/g-c 

efficiencies from the degrees of extraction since a 
uniform set of conditions could not be maintained, 
owing to the widely different efficiencies in the re- 
spective systems. Such comparisons are more readily 
made in discussion of the equilibrium data. 

K, and K: values 

The equilibrium constant for extraction (as ligand- 
complexed ion-pairs) of a salt MX that is dissociated 
in the aqueous phase, is defined by 

WC+X-I,, 
Ke = W+lJ-l,PX, 

where C is the ligand. However, for many systems 
discussed in the literature,2~5~‘0 the authors appear to 
use an apparent equilibrium constant (which we will 
call K:), defined by 

[MC+ X-lo, 
K’ = [M+l:,[X-l&I;, 

in which lJI+]& and [CL, are the total concentrations 
of M+ and C, exclusive of [MC+X-I,,. Thus: 

Pf+lL, = W+lm, - WC+X-lo, (3) 

[Cl:, = Kim - [MC+ X-l,, (4) 

In the definition of K:, it is assumed that there is no 
ligand in the aqueous phase and no uncomplexed salt 
in the organic phase, and that no polymeric species 
are formed. Therefore, for solvent/ligand systems in 
which partitioning of either free or complexed ligand 
into the aqueous phase is very small, the KL values are 
a valid measure of the extraction equilibria. KL values 
can be calculated for systems where KdC data are not 
available, and can be useful in an exploratory study. 
Values of Kg calculated according to the expressions 
above are given in Table 2. 

For phenetole and n-propyl THPE, KL is quite 
small, but is somewhat larger for 1,4-dioxaspiro(4,5)- 
decane and TFTP, being comparable with the value 
for 2-methyl-3-hexanone. Much larger K: values are 
observed for phenylacetonitrile and adiponitrile, and 
for tert.-amyl alcohol and benzyl alcohol. 

Our previous considerations show that, particu- 
larly in the case of (2,2,2) and 18-C-6, considerable 
partitioning of the ligand into the aqueous phase 
occurs and therefore a more rigorous analysis of the 
equilibria is required. 

Detailed analysis of equilibria 

A pictorial representation of the equilibria in- 
volved in this system is given in Scheme 1. 

M++X-+C &MC++X- 

M+X- + C + MC+X- 
Scheme 1. 

In this scheme, it is assumed that the degrees of 
dissociation of the uncomplexed ion-pair into free 
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ions, i.e., 
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(M+X-),,=(M+),, + (X-)org 

W+l,, = W+l,, + IMC’I,, + Pf+X-lo, 
+ [MC+ X-l,, (11) 

and of dissociation of the complexed ion-pairs into [x-l,,, = [x-l, + Pf + X-lorg 
free charged species, i.e., + [MC+ X-lo, (12) 

(MC+=)q=WC+),, + W),, 

in the organic phase are both negligible. The assump- 
tion that (M + X-),, does not dissociate into the free 
ions is probably valid for rather non-polar organic 
solvents. It is considered that this and the assumption 
that (MC+X-),4 does not dissociate, will not affect 
the overall conclusions regarding the trends observed 
(see below). 

together with the equilibrium constants KS, KdS and 
& [equations (3-o-()] and the measured concen- 
tration of [x-l,. An iterative procedure described in 
the Appendix was used for derivation of the various 
quantities which are further discussed below. 

Evaluation of results 

The equilibrium constants in Scheme 1 are defined 
as: 

Comparison of K, and K: values. The values of 
these two equilibrium constants are expected to agree 
provided that (i) the partition of the ligand into the 
aqueous phase is small (i& large), and (ii) the 
stability constants (KS) of the aqueous complexes are 
small. 

K,: stability constant for complex formation in 
aqueous phase; 

KG distribution constant of salt between aqueous 
and organic phases; 

&c: distribution constant of complexing agent be- 
tween aqueous and organic phases; 

Kd,S distribution constant of complexed salt between 
aqueous and organic phases; 

K,: equilibrium constant for complexation of salt in 
organic phase. 

The algebraic expressions for the respective equi- 
librium constants are given in equations (3--o-(). 
Concentrations are used instead of activities, because 
of the lack of activity coefficient data. The agreement 
between the K, values obtained on variation of the 
concentrations of the complexing agent, p -nitrophen- 
oxide and potassium ions suggests that the procedure 
and approximations used are valid. 

[MC+la, 
Ks = Df +laq [Cl,, 

(5) 

[M+ X-lo, 
lyds = Pf+l$-I, 

(6) 

(7) 

(8) 

K = WJ+X-lo,, 
a W+ X-lor&lo, 

(9) 

For purposes of calculation, only four of the 
constants above are independent and the first three 
can be determined separately from extraction experi- 
ments. In the scheme, seven different species exist in 
equilibrium. Their concentrations can be determined 
under equilibrium conditions by evaluation of the 
stoichiometric relationships (10)-(12): 

[Cl,, = [Cl, + [Cl,, + PfC+l,, 
+ [MC+ X-l,, (10) 1 

The observation that DB- 18-C-6 is associated with 
large I&, values can presumably be accounted for by 
the hydrophobic nature of this ligand and hence also 
of the comnlexed cation. However. the much less 

The results in Table 2 show that these conditions 
are mostly met for the DC-18-C-6 and DB-18-C-6 
complexes. On the other hand large differences be- 
tween K, and KL are found for the 18-C-6 complexes 
and especially for the (2,2,2) complexes (note that the 
K/K: ratios vary by up to 106). For the latter 
complexes, this is the result of moderate partitioning 
of the free ligand into the aqueous solution, in 
conjunction with very strong complex formation in 
aqueous solution. 

Absolute K, values. In all cases in Table 2, the 
highest & values are observed for the (2,2,2) com- 
plexes, while DB-18-C-6 is in general associated with 
the lowest 4 values. With the exception of the (2,2,2) 
systems, methylene chloride and the ethereal solvents 
are associated with K; values which are orders of 
magnitude smaller than those obtained with the other 
solvents. The overall extraction efficiency, as repre- 
sented by K, values, is extremely favourable for the 
(2,2,2) complexes, for all the solvent/ligand systems 
studied. 

Thus examination of the k; data has revealed a 
relative order quite different from that for the experi- 
mental degrees of extraction, which suggested that 
(2,2,2) and DC-18-C-6 are often comparable in 
extraction efficiency. The reason for the relatively 
diminished degree of extraction with (2,2,2) is that a 
significant amount of this ligand is held in the 
aqueous phase, unlike DC-18-C-6. 

KdcS values. A different picture emerges for the 
extraction of the complexed salt as represented by the 
&_ values. Except for the solvents phenylacetonitrile, 
and methylene chloride, for which R&s (DC-18-C- 
6) > KdcJ (2,2,2) > Kdcs (DB-18-C-6), and amisole [&, 
(DC-18-C-6) > Kdcs (DB-18-C-6)], the KdcS values for 
DB-18-C-6 are the largest. The smallest kcS values 
are observed for 18-C-6. 
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hydrophobic nature of 18-C-6 and the fact that 
interactions between the cation and solvent molecules 
can still occur in the plane perpendicular to the ligand 
in the 18-C-6-complexed cation, together result in 
making this the least efficiently extracted of the 
various complexed salts. 

The case of (2,2,2) is somewhat intermediate. 
Although this ligand is not hydrophobic, it forms a 
3-dimensional cavity containing the complexed 
cation, which leads to the overall result observed. 

Comparison of Kdr and KdcS. It is interesting that 
there appears to be no correlation between the lydES 
and KdS values. For example, in terms of &, values, 
methylene chloride is comparable to the other sol- 
vents, whereas it is very poor on the basis of the & 
values. This is a reflection of the fact that once the 
cation is complexed, specific cation-solvent inter- 
actions are essentially removed. As &a values are 
governed by the complexation reaction and the Gs 
values by the specific interactions, any connection 
between these quantities can only be fortuitous. 

K, values. These give a measure of the complexing 
ability of the ligand in the organic phase. The experi- 
mentally observed order of K, values in practically all 
cases is (2,2,2) >>( 18-C-6) > DC- 18-C-6 > DB-18-C-6, 
which is the order for the X, values in methanol and 
water.*‘*** It appears, therefore, that the different 
microscopic states of the salt, i.e., free ions in water 
or methanol, and ion-pairs in the organic solvents, 
do not significantly affect the relative order of the 
stability constants of the complexes with the different 
ligands. 

EXPERIMENTAL 

Materials 
The macrocyclic ligands were purchased from BDH, 

Aldrich, Merck or Parish Chemical Co. and used as re- 
ceived. The organic solvents were purified, dried and dis- 
tilled. p-Nitrophenol was recrystallized from 2% v/v aque- 
ous hydrochloric acid. 

Extraction procedure 
A standard aqueous solution of potassium p- 

nitrophenoxide was prepared from p-nitrophenol and a 
standard potassium hydroxide solution, the latter being in 
excess. A standard solution of the ligand in a particular 
organic solvent was also prepared. Equal volumes (1 ml) of 
the two solutions were placed in a small glass-stoppered 
test-tube and after thorough mixing on a Vortex mixer for 
1 min, allowed to stand for phase separation to occur; 
alternatively, separation was effected by centrifugation. The 
equilibrium concentration of p-nitrophenoxide ion in both 
phases was determined spectrophotometrically after appro- 
priate dilution. The measured value of the p-nitrophenoxide 
concentration in the organic phase agreed satisfactorily with 
the difference in the concentration in the aqueous solution 
before and after extraction. A “blank” extraction in the 
absence of ligand was also performed with each solvent for 
evaluation of the distribution constant &,. Only solvents 
which were partially miscible with water dissolved the 
potassium salt to a measurable degree. Details of the 
concentrations of reagents used are given in Table 3. The 
results are based on duplicate or triplicate determinations, 
which usually agreed within *20/,. 

& values were measured spectrophotometrically as 
described by FrensdorfL2 

APPENDIX 

For the present systems, two cases in which K+ is in 
excess relative to the other species involved can be con- 
sidered for evaluation of the v&ous equilibrium constants. 

(1) The solubilitv of K+X- in the organic ohase is 
negligible, i.e., [K+ k-l,_ = 0. 

_ . 

Then 
[K+l& = [K+1, - W+X-l,, (Al) 

DC-I, = [x-l,, - [KC+ X-La (A2) 

From equation (4), [Cl:, = [Cl,, - [KC+ X-l,, I and from 
equation (10) [Cl,, = [Cl,+[Q,+[KC+l,+ [ftC+X-I,,, 
I.e., 

[Cl:, = [Cl, + [cl, + [KC+], (A3) 

From equation (7), [Cl, = [Cl,/&,, and from equation (S), 
[KC%, = JGP+l,,[Cl,; hence 

[KC+], = ~~[K+l,M&d~ (A4) 

Substitution for [C&,, from equation (7) and [KC+], from 
equation (A4), converts equation (A3) into 

[CLs = 
[Cl:, 

1+ l/&c + ~,[K+l,I& 
(A5) 

For the first iteration, w+& is determined experimentally 
from equation (Al) and [Cl&* from equation (4). Substi- 
tution of these values into equation (A5) yields the first 
value of [Cl,, which with equation (7) gives [cl, and with 
equation (A3) gives [KC+], These first estimates permit the 
use of the more exact expression for [K+],,, oiz. equation 
(II), to calculate a new [K+], since [KC X& is assumed 
to be zero. The cycle is repeated, using equations (4), (AS), 
(7) and (A3) to yield new values for [K+], until the values 
converge (usually 2 or 3 cycles), giving all the concentrations 
required for calculation of 4 and Kdcp. 

(2) The solubility of K+X- in the organic phase is 
significant. In this case, the total amounts of X- and K+ in 
the organic phase are measured, and 

[x-lorp = [K+l, = [K+ X-Ls + [KC+ X-lorp (A6) 

For the first iteration, the approximation [KC+], = 0 is 
employed in equation (1 1), yielding: 

[K+1, = [K+1,, - W(‘l,, (A7) 

Substitution of equation (A6) into equation (12) yields a 
value for p-1,: 

P-l, = Ix-l,, - [X-L,, (Ag) 

These values of w+], and p-lsg, when substituted into 
equation (6), give a value for K+ X-l,, which with equation 
(A6) yields a value for [KC+ X-l,,: 

[KC+ X-lorg = [K+l, - [K+X-I, (A9) 

To finish the cycle, equations (4) and (AS) are invoked, with 
the current values of [K+], and [KC+X-I,, to yield [Cl,_ 
which, when substituted back into equations (7) and (A3) 
gives a value for [KC+],. 

For the second cycle, the full expression for K+, equation 
(1 l), is used: [K+], = [K+], - [KC+], - [K+ X-lo_ - 
[KC+X-&,,, which on substitution from equation (A6), 
reduces to 

[K+1,, = [K+1,, - W-+1, - [K+1,, (AlO) 

The cycle of equations (AlO), (A@, (6), (A6), (4), (A5), (7) 
and (A3) is repeated until there is convergence of the desired 
values. 
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Summary-A polarographic investigation of several metal 8-hydroxyquinolinates in dichloromethane 
medium following solvent extraction has been made. From the data obtained, a selective, specific and 
sensitive method for the determination of molybdenum at ng/ml levels has been developed involving direct 
differential pulse polarographic measurement on the dichloromethane extract. In this work, EDTA is used 
as an effective masking agent to separate molybdenum from other metals. The proposed method has been 
applied to the determination of molybdenum in a variety of steels and NBS-SRM 1577 bovine liver with 
good accuracy and precision. 

Molybdenum is one of the important elements 
affecting the physical properties of steels, alloys and 
high-purity metals, and it is also an essential trace 
element in biological systems. Therefore, numerous 
analytical methods have been developed for its deter- 
mination, e.g., by spectrophotometry,’ atomic- 
absorption,2A X-ray fluorescence,5 neutron- 
activation analysis’ and various electrochemical 
methods.a Of these, a polarographic method utiliz- 
ing a catalytic wave of molybdenum enables the metal 
to be determined with high sensitivity,“2 as does 
anodic-stripping voltammetry at mercury and graph- 
ite electrodes.‘) 

In general, a preliminary separation by solvent 
extraction provides good selectivity for instrumental 
methods of analysis that tend to be subject to matrix 
effects or interferences from concomitant elements. 
Several extraction-polarographic methods for .the 
determination of molybdenum have been reported, 
with ethyl acetate or chloroform as solvent for its 
8-quinolinol (oxine)‘4x’5 or benzohydroxamic acid’6,‘7 
complexes. Polarographic measurements in such 
cases were made after the extracts had been diluted 
with a polar solvent such as ethanol or acetic acid 
in order to enhance the conductivity of the solution. 
These methods are highly selective but trouble- 
some as routine analytical procedures. Direct 
polarographic measurement on organic solvent 
phases after extraction with methyl isobutyl 
ketone,” acetylacetone” or acetonitrile20 improves 
the simplicity and sensitivity of determination. 
More recently, we have developed a new 
extraction-polarographic method using dichloro- 
methane,21 which gives a simpler and more sensitive 
procedure for the determination of nickel. 

The present paper describes the differential pulse 
polarographic determination of molybdenum(W) 

after its separation by extraction of its oxine complex 
into dichloromethane from aqueous medium. It is 
demonstrated that this method is acceptably sensitive 
and very specific, and it has been successfully applied 
to the determination of molybdenum in steels and 
NBS-SRM 1577 bovine liver at the ppm level. 

EXPERIMENTAL 

Apparatus 

Direct current (d.c.) and differential pulse (d.p.) polaro- 
graphic measurements were made with Yanako Model P-8 
and P- 1100 polarographic analysers respectively, equipped 
with a Rika Denki Kogvo Model RW-11 X-Y recorder. A 
silver-silver chloride electrode served as the reference elec- 
trode and a platinum wire electrode as the counter- 
electrode. The dropping-mercury working electrode had the 
characteristics: m = 1.9 mg/sec and t = 4.00 set in dichlo- 
romethane at open circuit. A Toa Dempa Model HM-5A 
pH meter was used to measure the pH of the aqueous phase 
after extraction 

Reagents 

Guaranteed-grade reagents were used unless otherwise 
stated. 

Standard molybdemun solution (10.0 pg/ml). Pure molyb- 
denum trioxide (1.500 g) was dissolved in 50 ml of 2M 
sodium hydroxide solution, then diluted to 1 litre with 
water. The standard solution was prepared by diluting 10 ml 
of the stock solution to 1 litre with water. 

Standard metal solutions. Prepared from Wako Pure 
Chemicals standard solutions (1000 pg/ml) for use in 
atomic-absorption spectrometry. 

Extraction solution. A O.lM oxine (Wake Pure Chem- 
icals)/O. 1 M tetrabutylammonium perchlorate (Tokyo Kasei 
Chemicals) solution in dichloromethane (Wake Pure Chem- 
icals). 

All solutions were prepared with water obtained from a 
Millipore Milli-Q water system. 

Sample treatment 

A steel sample weighing 0.1-1.0 g was transferred to a 
100-ml beaker, and decomposed with 10 ml each of concen- 
trated hydrochloric acid and 50”/, nitric acid on a hot 
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water-bath. After addition of 5 drops of concentrated 
hydrofluoric acid, the solution was evaporated almost to 
dryness. The residue was taken up with 10 ml of 2M 
hydrochloric acid and diluted to volume in a IOO-ml stan- 
dard flask with water. An aliquot of the sample solution was 
subjected to the polarographic determination of molyb- 
denum as described below. 

A biological sample (NBS-SRM 1577) weighing up to 5 
g was transferred to a I-litm beaker and decomposed with 
10 ml each of concentrated nitric acid, concentrated sul- 
phuric acid and concentrated perchloric acid with gentle 
heating (the final temperature should not exceed 170”). The 
subsequent procedure was the same as that described for the 
treatment of steel samples. 

Procedure 
A known volume of the sample solution was transferred 

to a lOO-ml separatory funnel, the pH was adjusted by 
addition of 2M hydrochloric acid or a buffer solution, and 
the solution was made up to a total volume of about 50 ml. 
It was then shaken with 10 ml of a O.lM oxine-O.lM TBAP 
mixed solution in dichloromethane for 3 min. An aliquot of 
the extracted organic layer was transferred into a polar- 
ographic cell, and dissolved oxygen was removed by passage 
of nitrogen saturated with dichloromethane. The nitrogen 
stream was then directed over the solution surface and the 
d.c. and d.p. polarograms were recorded at 25” under the 
following conditions: modulation amplitude, 25 mV; drop- 
time, 1 set; scan-rate, 5 mV/sec. 

RESULTS AND DISCUSSION 

Direct current polarographic behaviour of metal 
oxinates 

Polarographic studies were made for all metal 
oxinates which could be extracted into dichloro- 
methane from aqueous solution, at the optimum 
pH values. In the available potential range from 0 to 
- 1.2 V vs. Ag/AgCl electrode, most of the metal ions 
examined gave d.c. polarograms after extraction into 
the organic phase containing O.lM TBAP as support- 
ing electrolyte. Table 1 lists pH values after extrac- 
tion, half-wave potentials (E,,2), limiting currents, 
and slopes of the standard potential vs. current 
log-plot for d.c. polarograms, obtained under the 
experimental conditions. The data indicate that the 
Fe(III), Sn(IV), Mn(I1) and Mo(V1) complexes all 

exhibit well-defined d.c. waves which could be useful 
for polarographic analysis. However, the polaro- 
graphic determination of molybdenum(VI) is partic- 
ularly favourable because the Ellz value differs greatly 
from those of the other metal complexes and also the 
limiting current per unit concentration is large com- 
pared with the others. From the results shown in 
Table 1 it can be estimated that the d.c. diffusion 
current corresponding to a one-electron reduction 
was ca. 0.4 PA for a 10e4M solution (in the dichlo- 
romethane extract) for the capillary used. On this 
basis it is likely that the d.c. waves for Mo(V1) as well 
as for U(W) and probably for Bi(II1) complexes are 
catalytic in nature. Therefore, a highly sensitive 
polarographic determination of molybdenum(W) is 
possible. 

Linear calibration curves for molybdenum(V1) 
were obtained over the concentration range from 0.04 
to 20 pg/ml with respect to the dichloromethane 
extract, at modulation amplitudes of 25 and 50 mV. 
The extraction technique using EDTA as a masking 
agent rendered the determination of molyb- 
denum(V1) more specific in the presence of other 
ions (e.g., Fe, Bi and Cu) in sample solutions. 

Effect ofpH on the d.c. polarogram of the molyba’enum 
complex 

In order to determine the optimum pH-value for 
the determination of Mo(V1) we examined d.c. polar- 
ograms of the molybdenum complex after extraction 
at various pH-values. The pH was adjusted with 
hydrochloric acid and sodium hydroxide. A max- 
imum and approximately constant limiting current 
was obtained over the pH range from 1.0 to 1.5, as 
shown in Fig. 1. The pH range l&l.5 almost 
coincides with that for quantitative extraction of the 
molybdenum(W) oxine complex from acidic solu- 
tions, probably as the form of MOO, (oxine).22 For 
analytical determinations the pH was kept in the 
range 1 Sl.2. The E,,* value shifted to more negative 
potentials with increasing pH of the aqueous solu- 
tion, 

Table 1. Polarographic data for various metal oxinates 

E 
Metal 

i/21 
PH V vs. SSE 

ww t 2.70 -0.342 
Fe(III) 3.43 -0.425 
PWI) t 8.51 -0.622 
Sn(IV) 2.51 - 0.453 

-0.625 
Mn(I1) 5.82 -0.610 
Mo(VI) 3.09 -0.800 
Bi(III)t 5.14 -0.431 
Cd(H) 11.30 -0.525 
Sb(III)t 4.01 -0.704 
W(H) 2.86 -0.781 
WVI) 7.08 -0.722 

*Concn. of metal ion: lO+M. 
tMaximum appears. 

I,, PA * 

0.97 
0.39 
0.81 
0.37 
0.78 
0.66 
7.21 
3.02 
0.98 
1.26 
0.71 
2.95 

Slope of the 
log plot, mV 

99 
50 
98 
85 
51 
67 
93 
61 

160 
62 
98 
50 
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Fig. 1. Effect of pH on the limiting current for the molyb- 
denum(VI)-oxinate complex. Molybdenum(W) taken: 1 .O 

pg/ml. 
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Fig. 2. Differential pulse polarograms of metal oxinates. (1): 
Cu(II), (2): Fe(III), (3): Bi(III), (4): U(W), (5): Mo(VI), (6): 
Pb(I1). pH: 4.6 + 0.1 (10.5 for Pb and 1.2 for MO). Each 
metal ion taken: 10 pg/ml (23.8 pg/ml for U). Conditions 
were modulation amplitude, 25 mV; scan-rate, 5 mV/sec; 

drop-time, 1 sec. 

D$erential pulse polarographic determinations of 
molybdenum ( VZ) 

In order to improve the sensitivity of the direct d.c. 
polarographic determination of molybdenum, d.p. 
polarographic studies were undertaken on dichloro- 

methane extracts of the oxine complex. Maximum 
sensitivity was obtained at the same optimum pH- 
values observed for d.c. polarographic studies. Figure 
2 shows the d.p. polarograms obtained for the cop- 
per(II), iron(III), bismuth(III), uranium(VI), molyb- 
denum(V1) and lead(I1) complexes in a dichlo- 
romethane solution containing O.lM TBAP as 
supporting electrolyte. As stated previously, the d.p. 
polarographic determination of molybdenum(V1) 
was investigated in detail because the response is 
sensitive and the peak well separated from those for 
other metals. When a large modulation amplitude 
and a short drop-time were used for the d.p. polar- 
ographic measurement, the peak height became max- 
imal. In the present work, a modulation amplitude of 
25 mV and drop-time of 1 set were chosen as being 
very suitable for analytical purposes. 

Calibration curve for &termination of molyb- 
denum( VI) 

The peak height increased linearly from 0.01 to 2.0 
pg/ml molybdenum concentration in a dichloro- 
methane extract at a modulation amplitude of 25 
mV. In five replicate determinations of 1.0~pg/ml 
molybdenum(VI), the average peak height was 
(17.5 f 0.4) nA. If a ca. 10% relative standard devi- 
ation is acceptable, the lower limit of molyb- 
denum(V1) determination is 0.005 pgg/ml at a modu- 
lation amplitude of 50 mV, corresponding to 1 ng/ml 
molybdenum(V1) in the original aqueous solution. 

Interferences 

EDTA could be used as the masking agent for 
selective extraction of the molybdenum(VI)-oxine 
complex into dichloromethane, since iron(III), cop- 
per(I1) and bismuth(II1) are not extracted in its 
presence. For example, the interference from 10 mg 
of iron(II1) is eliminated by addition of 2.0 ml of 
O.lM EDTA (disodium salt). The data shown in 
Table 2 indicate that foreign oxo-anions in large 
amounts may interfere to varying degrees with 
the d.p. polarographic determination of molyb- 
dent&VI). However, interferences are generally 
minimal and a rapid reliable method can be devel- 
oped for most matrices. 

Table 2. Effect of diverse anions on the determination of Mo(V1) 

Ion Added, mg Mo(V1) found, pg Error, % 

None - 10.00 - 

CrO:- 0.02 10.12 +1.2 
0.05 9.09 -9.1 

vo; 5.0 10.57 +5.7 
10.0 - - 

MnO; 0.01 10.64 + 6.4 
0.02 10.91 +9.1 

wo;- 0.5 10.05 +0.5 
1.0 6.49 -35.1 

Masking agent: 2.0 ml of O.lM EDTA. 
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Sample 

Table 3. Analytical results for various samples 

Sample taken, MO found,* Certified value, 
mg x “/, 

NBS 160b 
(Stainless steel) 
NBS 163 
(Steel) 
NBS 362 
(Low-alloy steel) 
JJS 503-4 
(Ni-Cr steel) 
JJS 505-5 
(Ni-Cr-Mo steel) 
SRM 1577 
(Bovine liver1 

0.2 2.34 + 0.13 2.38 

10t 0.0288 k 0.001 0.029 

5 0.069 + 0.004 0.068 

10t 0.0127 + 0.0004 0.013 

2 0.219 + 0.003 0.22 

200 3.39 f 0.245 3.45 

*Based on 5 replicate determinations. 
tO.lM EDTA: 2.0 ml. 
§ppPm. 

Analytical applications 

The present method was applied to the deter- 
mination of molybdenum in various steels and in 
bovine liver (SRM-1577). The analytical results are 
given in Table 3. Extractions were done after addition 
of 2.0 ml of O.lM EDTA to the sample solution, and 
the dichloromethane extract was subjected to direct 
d.p. polarographic measurements. It is evident that 
the molybdenum contents of such samples are consis- 
tent with the certified values. We conclude that this 
polarographic method is accurate and specific for the 
determination of molybdenum in such samples. 
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AND COBALT FROM SEA-WATER BY 
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Summary-A method is proposed for the simultaneous quantitative separation of traces of Cu(II), Cd(B) 
and Co(B) from sea-water samples by means of the co-flotation (adsorbing colloid flotation) technique 
with ferric hydroxide as co-precipitant and octadecylamine as collector. The experimental parameters have 
been studied and optimized. The drawbacks arising from the low solubility of octadecylamine and the 
corresponding sublates in water have been avoided by use of a 6M hydrochloric acid-MIBK-ethanol 
(1:2:2 v/v) mixture. The results obtained by means of the proposed method have been compared with 
those given by the usual ammonium pyrrolidine dithiocarbamate/MIBK extraction method. 

Considerable attention has been paid in the past few 
years to flotation methods,’ especially co-flotation,‘” 
on account of their promising analytical potential for 
separation and preconccntration of trace elements, 
both as anionic or cationic species, in media of low 
and high salinity. There is special interest in applica- 
tion to the analysis of marine waters.2*3s6*“’ 

Most of the papers published so far are centrcd on 
the selection of experimental conditions for quan- 
titative flotation of individual species,2-8 considerably 
less attention being paid to multielement precon- 
centration and separation methods.+13 Also, most of 
the systems investigated involve use of anionic surfac- 
tants as collectors because of their greater solubility 
in aqueous media, which is advantageous in sub- 
sequent dissolution of the sublates for analytical 
purposes. 

Since the flotation yield generally decreases with 
increasing ionic strength, the use of high molecular- 
weight amine-type cationic surfactants as well as of 
chelating surfactants is a convenient alternative in the 
analysis of sea-water.%14 

Results are presented here on a multielement co- 
flotation investigation on Cu, Cd and Co in sea- 
water, based on use of octadecylamine as collector 
and ferric hydroxide as precipitant. The sublates are 
readily soluble in an acidified mixture of ethanol, 
water and MIBK, which also increases the sensitivity 
in the determination of these elements by flame 
atomic-absorption. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade except the 
octadecylamine (stearylamine) (Eastman, pract.) and were 
used without purification. A Cu(II), Cd(H), Co(H) (1000 
ppm each) multistandard stock solution was suitably diluted 
daily for use in standard-additions work and for calibration 
standards. The calibration standards were matched with the 

samples in all respects (solution composition and treat- 
ment). 

Apparatus 

A Pye-Unicam SP9-800 atomic-absorption spectro- 
photometer was used with an air-acetylene flame under 
optimized conditions (Table 1) giving a coefficient of vari- 
ation of l%.i5 

The co-flotation apparatus was the same as described 
elsewhere.i6*” 

Procedure for co-flotation 

Place 500 ml of the sea-water sample in a 600-ml beaker 
and add 4 ml of 0.05M iron (III) solution. Adjust to pH 
9.5-9.9 with concentrated ammonia solution, with con- 
tinuous stirring to avoid adding ammonia in excess. Trans- 
fer the mixture quantitatively into the flotation column and 
adjust the air flow to 150 ml/min. Add 15 ml of 0.3% 
octadecylamine solution in ethanol, and 2 min later add a 
further 5 ml of this solution and 5 ml of 0.3% sodium lauryl 
sulphate (NaLS) solution. After 5 min switch off the air 
stream and suck off the mother liquor, first through the 
side-drain of the column and finally through the sintered- 
glass plate at the bottom of the column. Dissolve the 
precipitate with a few lo-ml portions of 6M hydrochloric 
acid-MIBK-ethanol mixture (1:2:2 v/v). collecting the solu- 
tion in a 50-ml standard flask under suction, and making up 
to the mark with the solvent mixture. Measure the Cu, Cd 
and Co in this solution by AAS, using calibration graphs or 
the standard-additions method. 

Under the conditions given, the sensitivity is too low to 
allow reliable determination (especially of cobalt) at levels 
below 5 ng/ml. It is then necessary to use a larger volume 
of samples or an analytical technique with lower detection 
limits (e.g., graphite-furnace AAS). For 2-litre samples the 
amounts of the reagents must increased to 6 ml of iron(III) 
solution, 25 ml of octadecylamine solution and IO ml of 
NaLS solution, and the air-flow increased to 180 ml/min. 

RESULTS AND DISCUSSION 

Infuence of salinity 

According to Matsuzaki and Zeitlin,’ octa- 
decylamine floats Fe(II1) and Th(Iv) hydroxides at 
pH 6-7, Hg (II) sulphide and Mn(IV) oxide at pH 3-9 
and Cd(I1) sulphide at pH -9 but will not float 
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Table 1. Experimental parameters for the determination of 
Co, Cd and Cu in the sublate solutions by AAS 

stability of the froth layers was generally not very 
satisfactory. 

co Cd cu 

Acetylene flow* 9-10 9-10 9-12 
Observation height, mm 67 5-8 6 
Band-pass, nm 0.2 0.5 0.5 
Integration time, set 2.0 2.0 2.0 
No. of determinations 5 5 5 

*Rotameter reading. 

Al(II1) hydroxide. These results refer to high-salinity 
solutions (sea-water) and no information was given 
for low-salinity solutions. 

Our first experiments with iron(II1) hydroxide as 
co-precipitant at pH 5-10 showed a clear trend of the 
floes to ascend to the surface, with very little tendency 
to form a stable foam layer, so the floes re-entered the 
mother solution. Even so, the co-flotation yields 
obtained within 45-60 set were > 90% for Cu(II), 
Cd(I1) and Co(I1) in the pH range 9-9.5. Also, at 
pH > 10, obtained by addition of sodium hydroxide, 
the froth layer was thicker and firmer, indicating that 
the froth formation and, hence overall yield, depends 
on the salinity. This is illustrated in Fig. 1, showing 
the variation of cadmium concentration in a solution 
subjected to co-flotation with iron(II1) hydroxide and 
octadecylamine, as a function of time. Practically all 
the cadmium is removed from the solution within the 
first 45 set, then re-enters it. Addition of 2.5 g of 
sodium chloride, followed by 5 ml of octadecylamine 
solution, gives a quick and sharp increase in the 
removal of cadmium, without rapid reversal of the 
process. Thus octadecylamine is especially useful for 
flotation from high-salinity solutions. 

Choice of co -precipitant 

Iron(III), aluminium, thorium and lanthanum hy- 
droxides were tried as co-precipitants for removal of 
Cu(II), Cd(I1) and Co(I1) (present at the 2+g/ml 
level) from solutions of salinity similar to that of 
sea-water. The initial results seemed to indicate good 
flotation yields (over 90% for all three species at 
pH 9-10, whichever co-precipitating agent was used), 
the solutions becoming clear very quickly, though the 

These results were mainly contradictory to those of 
Matsuzaki and Zeitlin,y who reported that octa- 
decylamine does not bring about the flotation of 
iron(III), thorium and aluminium hydroxides at 
pH 9-10. We noticed, however, that though flotation 
took place readily when Cu(II), Cd(I1) and Co(I1) 
were present, in their absence there was practically no 
flotation of lanthanum and thorium hydroxides and 
only partial flotation of aluminium hydroxide, 
whereas iron(II1) hydroxide was readily floated. 

Experiments on the flotation of Cu(II), Cd(I1) and 
Co(I1) hydroxides without a co-precipitant present 
gave yields of over 60x, even when the metals were 
present at very low concentration levels (about 
0.05 pg/ml), which strongly suggests that they are 
co-precipitated on the surface of the aluminium, 
lanthanum and thorium hydroxide precipitates, and 
consequently modify the flotation behaviour of these 
hydroxides; this could explain the apparent difference 
between Matsuzaki and Zeitlin’s results9 and ours. 

The most suitable of the co-precipitants tested was 
clearly iron(II1) hydroxide, which was therefore in- 
vestigated further. 

Co-flotation with iron(ZZZ) hydroxide 

ZnyTuence of pH. Figure 2 shows the influence of pH 
on the co-flotation of Cu(II), Cd(I1) and Co(I1) with 
iron (III) hydroxide as co-precipitant in 3.5% sodium 
chloride medium. The pH is particularly critical in the 
case of Co(II), and the practical pH-range is re- 
stricted to 9.5-10. Figure 2 also gives information on 
the co-flotation yields obtained after 20 min of oper- 
ation with solutions at pH 10.5 and 11, obtained by 
addition of sodium hydroxide (filled circles on the 
graphs). These yields are all higher than those ob- 
tained when the pH was adjusted with ammonia 
(remaining data on the graphs), presumably because 
formation of the amine complexes will inhibit co- 
precipitation of the hydroxides. Further, alkalization 
with sodium hydroxide makes the rate of the flotation 
separation much slower than that when ammonia is 
used. 

I / 
( ,\y/, 

, \, 

A- 
0 l 2 3 5 10 

Time (min) 

Fig. 1. Influence of salinity on the co-flotation of Cd(II) co-precipitated with iron(II1) hydroxide and 
octadecylamine as collector. 
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Fig. 2. Influence of the pH on the co-flotation of Cu(II), Cd(U) and Co(I1). 

Because, in general, the foam layer formed is not 
very stable, any increase in the time needed for the 
flotation necessitates periodic additions of surfactant 
to maintain the consistency of the froth layers. This 
is a practical inconvenience, so the use of ammonia 
for alkalization is generally to be preferred. However, 
as shown below (collector/co-precipitant ratio), 
though the resulting increase in surfactant concen- 
tration increases the process rate, it does not result in 
better yields, suggesting that the observed differences 
in flotation kinetics and co-flotation yield are directly 
related to the type of alkalization reagent and to the 
surface characteristics of the precipitate, respectively. 

It was also observed that octadecylamine does not 
cause flotation of the magnesium hydroxide precip- 
itated when the sea-water samples are made fairly 
strongly alkaline. This precipitate does not decrease 
the co-flotation yields, but in practice diminishes the 
final recovery of the sublates by plugging the pores of 
the sintered-glass plate of the column, thereby prac- 
tically nullifying one of the main advantages of 
co-flotation over co-precipitation for isolation and 
preconcentration of trace ions. Addition of 1 ml of 
concentrated ammonia soiution to a SOO-ml sea- 
water sample that has been acidified to pH < 2 for 
preservation’8’g will raise the pH to 9.5-9.8, which 
guarantees that no magnesium hydroxide will be 
precipitated. 

Znfuence of the Jotation -gas pow -rate. Figures 3 
and 4 show that the gas flow-rate does not play a 
significant role in the process, and it has also been 

loo r 

Flow (ml/min) 

Fig. 3. Iniluence of the air flow-rate on the co-flotation yield 
[-•- Co(I1); -m- Cu(I1); -A- Cd(II)]. 

found not to influence appreciably the amount and 
consistency of the froth layer. A flow-rate of 
150 ml/min was systematically established as optimal. 

Collector/co-precipitant ratio. The influence of the 
octadecylamine/iron(III) hydroxide molar concen- 
tration ratio (4) on the process yield and kinetics is 
represented in Figs. 5 and 6, which show that the 
process yield is practically independent of q5 but the 
rate increases with increasing 4 to become constant 
at 4 3 2.4. It should be noted that the r$ values 
shown refer to the starting conditions, and any 
octadecylamine periodically added to improve the 
stability of the foam layer may give rise to much 
greater 4 values if the process is very prolonged. 

Air flow ---- 100 ml/min 
- 200 ml/mm 

I I I I 
0 1 5 10 15 

Time (min) 
Fig. 4. Influence of the air flow-rate on the Co(I1) co-flotation kinetics. 
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Fig. 5. Influence of the collector/co-precipitant ratio (4) on 
the co-flotation yield [-a- Co(H); -m- Cu(I1); -A- 

Cd(U)]. 

Induction time. Figure 7 shows that the process 
yield is apparently very little influenced by this pa- 
rameter despite the fact that the yield tends to 
decrease with increasing induction time. Figure 8, 
however, shows a clearly negative effect of the in- 
duction time on the kinetics (similar results were 
obtained for copper and cobalt). Hence zero in- 
duction time is optimal, which means that the usual 
stirring of the precipitate in contact with the surfac- 
tant must be omitted, and this is a further advantage 
of octadecylamine over other surfactants. Further, 
Fig. 8 clearly shows a decrease in the process yield 
(down to about 40%) for induction time > 0, which 
is compensated for by the periodical additions of 
octadecylamine for foam stabilization. In fact, the 
data of Fig. 7, which are related to the yields obtained 
after 15 min of co-flotation, do not properly depict 
the influence of the induction time, thus showing the 
importance of simultaneously testing both the yield 
and the kinetics to achieve optimization of the co- 
flotation process. 

Use of auxiliary agents for foam formation 

As mentioned repeatedly above, the foam layer 
formed by octadecylamine is not very stable, and the 

2.0 r 

I-‘-. 

.\ 
.-. 

l ------.-. 

I I I 1 
0 3 7 

tln,(min) 

Fig. 7. Influence of the induction time on the co-flotation 
yield I-O- Co(U); -M- Cu(II); -A--- Cd(II)]. 

foam initially formed coalesces after 4-5 min. The 
periodical addition of the surfactant to maintain the 
foam gives satisfactory separation yields but increases 
the surfactant consumption and requires continuous 
attention by the operator. An occasional consequence 
of coalescence of the foam layer is adherence of the 
sublate floes to the column walls, resulting in lower 
recovery for analysis. To reduce such effects the 
addition of small amounts of non-ionic surfactants 
(Triton X-100, etc.) has been proposed,20 but anionic 
and cationic surfactants can also be used. We have 
tried the addition of sodium lauryl sulphate (NaLS) 
and hexadecyltrimethylammonium bromide 
(HTAB), on the basis of our earlier work,‘3,‘6 which 
indicated that under the salinity and pH conditions 
considered here they do not cause flotation of the 
iron(II1) hydroxide but simply improve the stability 
of the foam layer. They can be added during the 
flotation process or along with the main surfactant at 
the start (making it unnecessary to make further 
additions of it). The greater consistency thus impar- 
ted to the froth layer gives better support to the 
sublate, and formation of a clean and compact foam 
layer, thus avoiding the floe re-entry into the mother 
solution that can occur on coalescence of the foam 
formed by the principal surfactant. 

---- +=o.e 

-.-.- .+1,,6 

- +=24 

+=3.2 
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Time (mln) 

Fig. 6. Influence of the collector/co-precipitant ratio (4) on the co-flotation yield [-•- Co(U); -B- 
Cu(I1); --A- Cd(II)]. 
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Recovery and dissolution of the sublates 

Octadecylamine dissolves in most hot solvents 
which are suitable for AAS work,2’ but is insoluble in 
hot or cold water. The use of hot organic solvents 
produces practical problems in the recovery of the 
sublates adhering to the column wall, however, since 
the solvent rapidly becomes cold on the column wall. 

We therefore sought a mixed solvent which would 
dissolve the sublates in the cold. From the data in 
Table 2 it can be seen that ethanol-containing binary 
mixtures are suitable. In principle the MIBK-ethanol 
mixture would be selected on the basis of the excellent 
suitability of MIBK for AAS work, but in any case 
the solvent mixtures have to contain hydrochloric 
acid to dissolve the sublates. 

However, when a 1:2:2 v/v 12M hydrochloric 
acid-MIBK-ethanol mixture was used in analysis of 
sea-water samples or synthetic solutions of 3.5% 
salinity, a large insoluble residue was obtained. AAS 
analysis of the solution phases showed, however, that 
practically all the Fe(II1) collector and the co- 
precipitated metals were totally dissolved, and the 
insoluble residue was found to be mostly sodium 
chloride. The proportion of water in the solvent 

Table 3. Comparative results for analysis of a synthetic 
sea-water sample by the Fe(OH),/octadecylamine co- 

flotation and APDC extraction methods 

Found,? ng/ml 

Species* APDC/MIBK Co-flotation 

Copper 39+8 40+_2 
Cadmium 31+ 5 41*3 
Cobalt 38 + 3 44+2 

*Concentration 40 ng/ml. 
tBlank values were subtracted in all cases. 

mixture was therefore increased in order to dissolve 
the residue completely, but without bringing about 
phase separation. A similar ternary mixture contain- 
ing 6M hydrochloric acid was therefore used for all 
subsequent work, and this concentration of acid is 
suflicient2’ to prevent phase separation. This mixture 
dissolves the sublate in the cold, and the solution 
remains stable for about 1 hr, after which small 
amounts of precipitate may appear. However, the 
mixture influences the AAS measurements, making it 
mandatory to optimize the operating conditions. The 
recommended parameters are given in Table 1; the set 
conditions increase the sensitivity of the deter- 

Table 2. Fe(OH),/octadecylamine sublate solubility in different solvents and 
solvent mixtures (acidified with concentrated hydrochloric acid) 

Sublate solubility 

Solvent Cold Hot Phase separation 

Ethanol - ++ no 
MIBK - +++ yes 
Isoamyl alcohol - +++ yes 
Acetone + +++ no 
Ethyl acetate - - 
Di-isopropyl ether - - 
2-Octanol + +++ yes 
Amy1 alcohol - +++ yes 
Acetone/ethanol (1: 1) + +++ no 
MIBK/ethanol (1: 1) +++ +++ no 
2-Octanol/ethanol (1: 1) +++ +++ no 
Amy1 alcohol/ethanol (1: 1) +++ +++ no 
Isoamyl alcohol/ethanol (1: 1) + +++ no 

- not detectable. 
+ , + + partial. 
+ + + total. 
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Table 4. Cu(II), Cd(U) and Co(II) recovery from spiked sea-water samples by the co-flotation method (V = 2000 ml) and 
the APDC/MIBK method (V = 400 ml) 

Species, ng/ml 

Method 

Co-flotation 

Element 
addition, 

nglml 

0.0 
5.0 

10.0 

Cu(II) 

found rsd,% 

2.5 13.3 
5.6 9.5 

10.1 2.0 

Cd(H) 

found rsd,% 

0.8 6.0 
4.3 6.0 
8.4 3.4 

Co(B) 

found i@% 

5.8 7.0 
11.4 5.6 
15.9 4.7 

Mean recovery (“/.) 83 + 6 79+4 98 * 5 

APDC/MIBK 0.0 4.1 29.4 2.8 14.5 3.2 22.0 
5.0 7.0 4.4 7.6 7.2 7.5 2.7 

10.0 13.8 8.2 12.0 4.9 11.7 1.7 

Mean recovery (“/,) 87+6 94-12 92+2 

minations by a factor of about 3 for the elements 4. G. Leung, Y. S. Kim and H. Zeitlin, Anal. Chim. Acta, 

investigated. 1972, 60, 229. 

Analysis of real and synthetic sea-water samples 

To compare the performance of the proposed 
method with that of the common APDC/MIBK 
preconcentration method, as recommended by Rod- 
ier,** a synthetic sea-water sample23 was prepared 
with high-purity reagents, and a 4Oqg/l. concen- 
tration of each of the elements investigated. The 
results are given in Table 3 and show our proposed 
method is satisfactory. 

5. F. Chaine and H. Zeitlin, Sepn. Sci., 1974, 9, 1. 
6. S. Nakashima, Analyst, 1978, 103, 1031, and private 

communication. 
7. .I. C. Barnes, J. M. Brown, N. A. K. Mumallah and D. 

J. Wilson, Sepn. Sci. Technol., 1979, 14, 177. 
8. S. D. Huang and D. J. Wilson, Sepn. Sci., 1976,11,215. 
9. C. Matsuzaki and H. Zeitilin, ibid., 1973, 8, 185. 

10. M. Hiraide, Y. Yoshida and A. Mizuike, Anal. Chim. 
Acta, 1976, 81, 185. 

Table 4 shows results for real sea-water samples, 
some of which have been spiked with the elements 
investigated. The recovery and precision are both 
satisfactory. The results obtained by the 
APDC/MIBK preconcentration method are also 
given for comparison. It should be noted that the 
results obtained for the unspiked samples are not 
directly comparable, since the samples were taken on 
different dates, though from the same site. 

11. M. Hiraide, T. Ito, M. Baba, H. Kawaguchi and A. 
Mizuike, Anal. Chem., 1980, 52, 804. 

12. E. H. de Carlo, H. Zeitlin and Q. Fernando, ibid., 1981, 
53, 104. 

13. L. Cabezon, R. Cela and J. A. Perez-Bustamante, 
Afinidad, 1983, 40, 144. 

14. W. D. Allen, M. M. Jones, W. D. Mitchell and D. J. 
Wilson, Sepn. Sci. Technol., 1979, 14, 769. 

15. Pye-Unicam SP-9 Series Atomic Absorption Spec- 
trophotometer Users Manual, Pye-Unicam Ltd., Cam- 
bridge, England. 

16. R. Cela and J. A. Perez-Bustamante, Afnidad, 1982,39, 
124. 

17. J. Cervera, R. Cela and J. A. Perez-Bustamante, Ana- 
lyst, 1982, 107, 1425. 
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Summary-The chemiluminescent reaction, in alkaline solution, of lucigenin with the reducing sugars 
sorbose, fructose, lactose, glucose, xylose, galactose, arabinose and mannose has been studied. There is 
a linear relationship (correlation coefficient = 0.996) between the emission intensity and the second-order 
rate constant for the alkaline oxidation of these sugars. The emission intensity is linearly related to the 
sugar concentration; at high sugar concentrations (> 5 mM) it is independent of the lucigenin concen- 
tration, but at low concentrations (< 0.05 mM) is linearly related to the lucigenin concentration. These 
facts support the view that the rate-limiting step is the tautomerization of the sugars to the 1,2-enediol 
form; the enediol then undergoes reaction with lucigenin. 

The use of chemiluminescence in solution to deter- 
mine clinically-important organic species is becoming 
common. One such reaction is that of lucigenin 
(NJ’-dimethyl-9,9’-biacridinium dinitrate) in aque- 
ous solution. We have reported on the use of lu- 
cigenin chemiluminescence for stopped-flow deter- 
mination of reductants, such as glucose, uric acid, 
ascorbic acid, creatinine, glucuronic acid and glu- 
tathione,’ for HPLC detection in ascorbic acid 
determinations* and for determination of the 
mucopolysaccharide heparin.3 

Chemiluminescent reactions of lucigenin with hy- 
drogen peroxide and with reducing agents were first 
reported by Gleu and Petsch.4 Since that time the 
reaction has received considerable mechanistic 
study,%’ but lucigenin probably remains the least 
understood of all classic organic chemiluminescent 
agents. Maskiewicz et al.’ have recently studied the 
kinetics of several reactions of lucigenin; for reactions 
with hydrogen peroxide, they concluded that the 
rate-determining step is the conversion of luci- 
genin(OOH) to lucigenin(OO-); for reactions with, 
hydroxide ion and other nucleophiles, they concluded 
that the rate-determining steps involve the prod- 
uction of N-methylacridone from lucigenin(OH) or 

lucigenin (OH),. We report results which deal with 
the reaction of lucigenin and reducing sugars, and 
from these results, the rate-limiting step in the reac- 
tion can be identified. 

EXPERIMENTAL 

Reagents 
The concentrations used are those previously shown to 

yield good signal-to-noise ratios for chemiluminescence 
detection.’ All solutions were prepared with demineralized, 
glass-distilled water. Lucigenin (Aldrich Chemical Co.) was 

*To whom correspondence should be sent. 
TPresent address: Union Camp R&D, P.O. Box 412, 

Princeton, NJ 08540, U.S.A. 

used without further purification. Potassium hydroxide 
stock solution was prepared from an “Acculute” solution 
(Anachemia Chemicals, Ltd.). Sugars were obtained as 
follows: arabinose and xylose (Sigma), fructose (Pfanstiehl 
Lab.), galactose (Nutritional Biochemicals), glucose and 
lactose (Mallinckrodt), mannose (Baker), sorbose (Aldrich). 

All measurements were made with a home-made inert 
stopped-flow instrument, described previously.’ This con- 
sists of three glass-barrelled syringes driven by an air piston. 
The syringes deliver solution through check valves and a 
mixer to the observation cell. The solutions come into 
contact only with surfaces of glass, Teflon, Kel-F and 
sapphire. The observation cell is a modification of one 
described previously.9 The cell cavity and inlet and exit ports 
are machined in a Teflon block; this piece is pressure-sealed 
against a glass window. The cell has a volume of 100 ~1 and 
exposes a 2.0-cm2 surface area to the detector. The photo- 
multiplier detector (RCA lP28) was aonroximatelv 4 cm 
from-the cell winddw; no wavelength &criminatibn was 
used. A Pacific Instruments model 126 photometer was used 
to amplify the photocurrent and give an output signal to a 
strip-chart recorder. 

Procedure 

The stopped-flow syringes were filled with the solutions of 
lucigenin, base and reductant, and delivered three portions 
of each solution to rinse the mixer and cell thrice, and a 
fourth portion for the experiment itself. Data collection 
began with completion of the last delivery, and continued 
for 75 sec. An auxiliary valve to the flow cell was then 
opened and a peristaltic pump activated to flush the cell and 
mixer with approximately 4 ml of nitric acid (1 + 1). This 
acid rinse was necessary to remove reaction products (such 
as N-methylacridone) which were insoluble in the aqueous 
alkaline reaction mixture. This measurement routine was 
then repeated three times, to give a total of four mea- 
surements with each sample. Sample solutions were alter- 
nated with blank solutions. The analytical signal was the 
average of four sample measurements minus the average of 
four blank measurements. All intensities reported are given 
in arbitrary units and are the maximum intensity observed 
(relative to the blank) within the 75-set observation period. 

The data-acquisition time was chosen by consideration of 
the emission intensity us. time curve. The emission intensity 
reaches approximately 90% of its peak value after 1 min, but 
continues to increase very slowly, not reaching the peak for 
10-15 min. The chosen observation period (75 set) gives a 
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Table 1. Chemiluminescent emission intensities for the reac- 
tion of lucigenin with various reducing sugars* 

Intensity? 

Sugar 1M KOH O.SM KOH O.lM KOH 

Sorbose 100.0 70.4 16.2 
Fructose 94.3 79.1 16.8 
Lactose 23.5 20.3 3.80 
Glucose 17.0 12.7 1.90 
Xylose 16.4 15.2 3.32 
Galactose 13.3 12.2 1.82 
Arabinose 12.7 10.6 2.14 
Mannose 7.44 5.85 0.95 

*lmM lucigenin, 0.6mM sugar, base concentration indi- 
cated in table, temperature 25”. 

TExpressed as a percentage of the intensity observed with 
sorbase in 1M KOH. 

Table 2. Rate data for oxidation of reducing sugars 

Temperature, k,, 
Sugar “C I.mole-‘.min-’ k,lk, 

Sorbose 0.597 5.63 
Fructose :: 0.593 5.59 
Lactose 25 0.131 1.24 
Glucose 25 0.106 1.00 
Glucose 0.236 1.00 
Glucose :; 0.575 1.00 
Xylose 30 0.178 0.755 
Galactose 30 0.134 0.568 
Arabinose 30 0.095 0.402 
Mannose 35 0.183 0.318 

*All k, values are calculated from data given by Nath and 

reasonable compromise between experiment time and signal 
intensity. The maximum intensity observed within the 75-see 
period is about 93% of the peak intensity. 

RESULTS 

Table 1 lists the emission intensities observed for 
the reaction of 0.6mM solutions of each sugar with 
1 .OmM lucigenin at three different concentrations of 
potassium hydroxide. The intensities are normalized 
so that the largest signal (sorbose with 1M alkali) has 
a value of 100. A wide range of relative emission 
intensities is observed with these reductants. Mac- 
Donald et al. have noted a strong correlation between 
emission intensity and metal-ion reduction potential 
for lophine chemiluminescence in the presence of 
trace metal ions. lo With the lucigenin-sugar system 
there is apparently no such relationship; regression 
analysis of emission intensity as a function of reduc- 
tion potential”,‘* yields a correlation coefficient of 
only 0.11. 

In order to identify which property of these sugars 
is important in determining relative intensity, the 
rates of oxidation for reducing sugars have been 
studied. Nath and Singh studied the oxidation of 
sugars by alkaline ferricyanide’3,‘4 and from the data 
they present we have calculated values for the second- 
order rate constants (k,) for the oxidation of each 
sugar (Table 2). To facilitate comparison with our 

observations of the chemiluminescent emission in- 
tensity (at a single constant temperature of 25”), we 
have normalized the rate data. Conveniently, rate 
data are available for glucose at several temperatures. 
The factor k,/k, is the ratio of the rate constant for 
a given sugar to the rate constant for glucose at the 
same temperature; this removes the temperature de- 
pendence of the rate data provided that the different 
sugars have nearly identical activation energies for 
alkaline oxidation. The assumption concerning acti- 
vation energies is reasonable. Singh and Ghosh15 have 
determined the activation energies for alkaline ox- 
idation of arabinose, galactose, glucose and xylose as 
29.2, 28.7, 27.0 and 25.8 kcal/mole, respectively, at 
30”. For xylose, galactose and arabinose the value of 
the activation energy can be used to compute k, at 25” 
instead of 30”, as in Table 2. The k,/k, values for these 
three sugars are then 0.818, 0.568 and 0.397 at 25”; 
they agree within 10% of the values at 30” of 0.755, 
0.568 and 0.402, given in Table 2. No activation 
energy value is available for mannose. Judging from 
the mean value and the spread of the four available 
activation energies, it can be estimated that the k,/k, 
value for mannose is within 20% of the correct value. 
The rate of sugar oxidation is not dependent on the 
difference between the standard potentials for the 
reductant and the oxidant; the correlation coefficient 
is only 0.14 for the rate of oxidation as a function of 
potential difference. 

It is noteworthy that there is a good correlation 
between emission intensity and rate of oxidation. 
Figure 1 shows a plot of emission intensity (from 
Table 1) vs. k,/k, (from Table 2). The emission 
intensities are for reaction with 1M potassium hy- 
droxide. Similar graphs using the intensities for 0.5A4 
and O.lM potassium hydroxide show the same trend; 
the slopes are different because the intensities de- 
crease as the concentration of potassium hydroxide 
decreases (Table 1). The least-squares correlation 
coefficients for the lA4, 0.5M and O.lM potassium 
hydroxide plots are 0.998, 0.994 and 0.995, re- 
spectively. To make sure that this high degree of 
correlation was not an artifact of our chosen mea- 

RELATIVE OXIDATION RATE k, / k, 

Fig. 1. Relative chemiluminescent emission intensity us. 
relative oxidation rate for sugars. The solid line is the 

least-squares line. 
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surement time of 75 set, we repeated the experiments 
with a measurement time of 15 sec. All the intensities 
were lower, but the plots showed the same trend as 
that in Fig. 1 and had correlation coefficients larger 
than 0.99. 

We have also examined the dependence of the 
emission intensity on reagent concentration, with 
glucose as a representative sugar. The concentrations 
were varied (one at a time) over the following ranges: 
lucigenin (0.05l.OOmA4), potassium hydroxyde 
(0.05-l.OOM) and glucose (0.2%9.71mM). When not 
varied, the concentrations were held at l.OOmM for 
lucigenin, l.OOM for potassium hydroxide and gener- 
ally 6.00mM for glucose. Least-squares analysis of 
plots of log emission intensity us. log concentration 
yielded the following values (f the standard devi- 
ation) for the slopes: OH- 0.45 f 0.04, glucose 
0.91 f 0.02. The slope for the lucigenin plot depends 
upon the glucose concentration. At high glucose 
concentrations (> 5mM) the slope is essentially zero 
(0.01 f 0.02 at 6mM). The slope increases as the 
glucose concentration decreases. The slope was 
0.92 + 0.03 at a glucose concentration of 0.05mM 
while in the absence of glucose (i.e., for the back- 
ground reaction between lucigenin and OH-) the 
slope was 1.3 f 0.2. 

It is interesting that the intensity is independent of 
lucigenin concentration at high glucose concen- 
trations. In reactions of lucigenin with hydrogen 
peroxide and with OH- and other nucleophiles, the 
reaction rate is dependent on the first power of the 
lucigenin concentration. Our observation that the 
dependence on lucigenin concentration can vary from 
zero-order to first-order, depending on experimental 
conditions, is consistent with other observations. 
TotterI has observed that the emission intensity is 
independent of the lucigenin concentration for the 
reaction with fructose and is related to the square 
root of the lucigenin concentration for the reaction 
with hydroxylamine. With glucuronic acid, the emis- 
sion intensity has been reported to be linearly related 
to the lucigenin concentration.’ 

The half-order dependence on OH- concentration 
seemed unusual, so we examined the effect of OH- 
concentration on the emission intensity in the reac- 
tion between hydrogen peroxide and lucigenin. At 
OH- concentrations below 0.05M the emission in- 
tensity increases as the OH- concentration increases. 
However, at above 0.05M OH- (the region studied 
with the sugars) the emission intensity decreases with 
OH- concentration. Therefore, the half-order de- 
pendence is probably a combination of a higher order 
dependence on the OH- concentration in the 
lucigenin-sugar portion of the reaction and a nega- 
tive order depencence in some later step of the 
lucigenin chemiluminescence. 

DISCUSSION 

For a chemiluminescent reaction, one factor con- 
trolling the observed emission intensity is the rate- 

determining step leading to production of excited 
states. Therefore observation of changes in emission 
intensity with changes in experimental conditions can 
shed light on the nature of that rate-determining step. 
TotterI suggested that the rate-determining step in 
the reaction between lucigenin and fructose was a 
slow reaction between fructose and OH-. This hy- 
pothesis was proposed because the emission intensity 
was independent of the lucigenin concentration and 
because fructose was oxidized at the same rate (under 
the same conditions) by lucigenin as by ferricyanide. 
The results of our study support this hypothesis. In 
the case of the eight reducing sugars studied, the 
emitted light intensity is strongly correlated with the 
rate of alkaline oxidation of the sugar (Fig. l), 
independent of the lucigenin concentration (at high 
sugar concentrations), linearly proportional to the 
sugar concentration, and proportional to the base 
concentration to a power of greater than one-half. 
Studies of the kinetics of the oxidations of reducing 
sugars by alkaline ferricyanide’3*‘4 and by alkaline 
cupric ion “J have shown these reactions to be 
first-order with respect to the reducing sugar and 
hydroxyl ion and zero-order with respect to the 
oxidant. The rate-determining step in the chem- 
iluminescent reaction between lucigenin and reducing 
sugars is thus probably the same as that in the 
alkaline oxidation of those sugars by ferricyanide or 
copper(B). 

The alkaline oxidation rates of reducing sugars are 
thought to be dependent on the rate of formation of 
their 1,Zenediol tautomeric forms in the Lobry de 
Bruyn-Alberda van Eckenstein rearrangement:‘3~‘4~‘* 

HC=O 
HY=” 

HP yHKTHr 

Glucose 
k 

Mannose 

I 
OH- 

YH20H 
c=o 

k 

Fructose 

The 1,2-enediol is a stronger reducing agent than the 
parent sugar. Apparently, the sugars (in their aldo or 
keto forms) are not sufficiently strong reductants to 
react with lucigenin. Hence the rate-limiting step in 
the chemiluminescent reaction between lucigenin and 
reducing sugars is the production of the 1,Zenediol 
tautomer. This intermediate enediol is oxidized by 
lucigenin in a subsequent series of faster steps so that 
the emission intensity (and therefore the overall 
reaction rate) is independent of the lucigenin concen- 
tration. 
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The results of our study suggest that relative 
oxidation for other reducing sugars might be con- 
veniently determined by comparison of lucigenin 
chemiluminescent emission intensities for sugars of 
known oxidation rate, and the results used in plan- 
ning the analytical procedures. 
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STANDARD-ADDITION DETERMINATION OF NITROGEN 
IN COAL WITH AN AMMONIA-SENSITIVE ELECTRODE* 
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Lidcombe, 2141, Australia 
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Summary-After semimicro Kjeldahl digestion of the coal sample with a K,SO,-V,O,-Se catalyst and 
sulphuric acid, the digest is cooled, diluted with water, neutralized and then made alkaline with 
NaOH/EDTA solution. The ammonia thus formed is determined by measuring the potential of a properly 
conditioned ammonia-sensitive electrode containing an appropriate filling solution; a gravimetric 
standard-addition technique is used. Known additions of l-2 fig of N per g to blank solutions enables 
all measurements of potential to be made in the linear region of the electrode-response curve. The electrode 
measurement procedure gives blank-corrected recoveries of between 99.0 and 101.0% for synthetic sample 
solutions. Results obtained for nitrogen in reference coal samples by the electrode procedure have been 
found to agree well with those obtained by other methods. 

Doolan and Belcher’ have shown that the ammonia- 
sensitive electrode provides a valid alternative to 
standard ammonia-distillation procedures for deter- 
mining nitrogen in coal. The following modifications, 
described in this paper, have streamlined the pro- 
cedure of Doolan and Belcher.’ 

1. &e of specially designed tubes and a heated 
aluminium block enables up to 40 Kjeldahl digestions 
to be performed concurrently. 

2. Use of samples ground to pass a 212~pm sieve 
instead of a 76-pm sieve. 

3. Use of 10M NaOH/O.O2M EDTA solution 
instead of 1OM NaOH solution minimizes the possi- 
bility of the electrode membrane being clogged by 
precipitate. 

4. Exact weighing of the test solution is not 
necessary-any weight between 230 and 280 g can be 
used without significant effect on the result. 

5. Electrode measurements are done by gravimetric 
single standard-addition,’ after appropriate condi- 
tioning of the electrode, instead of by direct com- 
parison with standards (which requires that all 
measurements be done at the same temperature). The 
electrode-response slope is assumed to have linear 
temperature-dependence, and is conveniently ob- 
tained by replicate double standard-addition 
measurements previously done on the same day. The 
electrode used was chosen because it has a fast 
response time and a long-lasting, easily replaced 
membrane. 

EXPERIMENTAL 

Reagents 
Catalyst. As described by Doolan and Belcher,’ this 

consists of K$O, (anhydrous), V,O, and Se finely ground 
and mixed in 93:5:2 w/w ratio. Bradstreet’ has also recom- 

*Presented in part at the Seventh Australian Symposium on 
Analytical Chemistry, Adelaide, Australia, August 1983. 

mended this catalyst. Safety note. Skin contact with the 
catalyst must be avoided. The catalyst must be handled with 
care so that none of it becomes airborne. 

Electrode internal filling solution. A O.OlM 
(NH$,SO,/O.SOM NaNO; solution plus (for easy visibility 
in the electrode) 0.002 g of Rhodamine B per 200 ml. 

Nitrogen standard solution No. 1 (5000 pg of N per g). 
Weigh, to the nearest 0.01 g, 56.6-56.7 g of analytical grade 
ammonium sulphate (of guaranteed or known purity, and 
previously dried for 2 hr at lOSo) by difference into a 
IOOO-ml beaker. Dissolve it in 600 ml of water and transfer 
quantitatively (using less than 200ml of water) to a dry 
2.5-litre oolvethvlene bottle previously weighed. Dissolve 
158 g ofjo; ni&ogen-contend sodium-sulphate in 1200 ml 
of water. Transfer to the bottle containing the ammonium 
sulphate solution, and dilute with water to give a weight of 
solution 42.40 times the weight of ammonium sulphate 
taken. Seal the bottle and mix the contents well. Transfer 
about 180 ml of this solution to a 250-ml polyethylene 
disoensine bottle.4 

kitrog& standard solution No. 2 (500.0 pg of N per g). 
W&h about 18 p: of standard solution No. 1 (to 10 mg) into 
a 25r)-ml polyethilene dispensing bottle. Dilute the solution 
to exactly 10 times its weight with water. 

Other reagents. Concentrated sulphuric acid (low nitrogen 
content); 0.3M sodium sulphate; 10M NaOH/O.O2M 
EDTA solution, conveniently prepared by diluting 2 vol- 
umes of technical grade 60% sodium hydroxide solution 
with 1 volume of 0.06M EDTA, 2M sulphuric acid; sucrose. 
Use demineralized water throughout. 

Digestion tubes. Borosilicate glass, 26 mm outside dia- 
meter, 310 mm long, with a constriction towards the top 
(Tecator, Sweden; No. 1000-0154). They are conveniently 
held in a 50-position stainless-steel stand. 

Digestion apparatus. A Tecator DS-40 digestion block 
housed in a fume cupboard. This block can hold 40 tubes 
at a time; its temperature stability at 380” is +4” and its 
repeatability of temperature setting is f3”. 

Polypropylene jars for diluted digests. Capacity 360 ml, 
with snap-on plastic lids and a line at the 250-ml mark. 

Measurement lid. A snap-on lid of the type supplied with 
the polypropylene jars, drilled with a 19-mm diameter hole 
for electrode insertion and a 4-mm diameter hole for 
standard addition. 

Ammonia electrode. HNU Model ISE-10-10-00 with 
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screw-on cap containing built-in membrane (HNU Systems, 
Inc., Newton, Massachusetts 02164, U.S.A.) 

pH/miIlivolt meter. Orion Model 811 with Orion Model 
91-70-02 temperature-measurement probe and Orion Model 
090020 electrode holder. 

Electronic top-loading balances. Sartorius 1602 MP6, for 
weighing subsamples; 1205 MP, for standard additions and 
preparation of standard solution No. 2, and 3802 MP for 
preparation of standard solution No. 1. The precision and 
accuracy should be regularly checked with reference 
weights. 

Calculations. The iterative procedure for calculating elec- 
trode slope by double standard-addition has already been 
described.2 Table 1 gives the formulae for the calculations, 
which can conveniently be done with a programmed calcu- 
lator. Details of a Texas Instruments TI-59 program for 
these calculations are available on request. 

Stirrer bars. PTFE-coated, length 45 mm. 

Sampling 

All samples were ground to pass a 212~pm sieve and 
equilibrated with the laboratory atmosphere before analysis. 
Moisture determinations, by loss in weight on heating 
300-mg samples for 2 hr at 105”, enabled calculation of 
results on a dry basis. 

Cure of electrode. When the electrode is in regular use, 
replace the internal filling solution every 14 days and store 
the electrode with its cap immersed in synthetic sample 
solution as described above. Add a few drops of nitrogen 
standard solution No. 1 to this storage solution at N 7-day 
intervals to prevent excessive lowering of its ammonia 
concentration with time; prepare fresh storage solution after 
3 months. If the electrode will not be used for several 
months, drain the filling solution, rinse the electrode body 
and cap with water, and store the disassembled unit dry. 

Experience in this laboratory indicates that a single 
membrane and cap can be used for at least six months 
before needing replacement. 

Procedures RESULTS AND DISCUSSION 

Solution preparation. Weigh a lOO-mg sample into a dry 
digestion tube. In each batch of analyses include 2 control 
samples and 2 blanks (comprising either 100 mg of sucrose 
plus catalyst and acid or merely catalyst and acid). Add 2.0 
g of catalyst down the inner wall of the tube so that all 
sample particles are transferred to the bottom of the tube. 
Add 3 antibumping granules. Swirl to mix, 4.0 It 0.2 ml of 
concentrated sulphuric acid, and swirl again. Place the tube 
(uncovered) in the digester block, already heated to 
380 + 5”. Digest for 60 min. Remove the tube and let it cool 
for 10 min, then add 25 ml of water and carefully swirl it. 
Pour the solution down a glass stirring rod into a poly- 
propylene jar, rinsing in with three 20-ml portions of water. 
Add a further 130 ml of water to the jar. With continuous 
manual stirring, slowly add _ 11 ml of NaOH/EDTA 
solution until the solution changes from blue to green 
(indicating a pH of 3-7). At this pH ammonia cannot be lost 
from the solution. If the solution turns dark blue or brown, 
indicating that the pH may be above 7, add 2M sulphuric 
acid dropwise to restore the green &our. 

Importance of proper conditioning of electrode 

The aim of the electrode conditioning procedure 
(Fig. 1) is to eliminate memory effects of the type 
described by Evans and Partridge,5 and Umezawa et 

a1.6 Its reliability has been repeatedly checked by 

Remove electrode from its stirred conditioning 

solution and rinse with water 

Place stirrer bar in solution to be measured and 

put measurement lid on jar; stir magnetically so 

that a vortex just forms, and add 5.0 t 0.2 ml 

of NaOH/EDTA 

Add water until the solution reaches the 250-ml mark on 
the jar, and weighs 230-280 g. Seal the jar and let the 
contents cool to ambient temperature ~0.5” before elec- 
trode measurement. 

I 
Insert electrode, withdraw it after about 60 set, 

Electrode measurement. The electrode is stored with its 
cap immersed in a synthetic sample solution consisting of 
240 ml of 0.3M sodium sulphate, 1.5 g of nitrogen standard 
solution No. 2 and 5 ml of NaOH/EDTA solution kept in 
a polypropylene jar containing a stirrer bar and sealed with 
a measurement lid. 

rinse it with water and insert it again; record to 

the nearest 0.1 mV the most negative potential, El: 

for blanks or if the nitrogen content is below O.Z%, 

add M 
-1 

= 0.5 - 1 g of nitrogen std. soln. 2 after 

the initial insertion of the electrode (so that Eq 

is in the linear region of the electrode response) 

The standard-addition technique is essentially the same as 
that recently described for fluoride determination.2 The 
electrode-response slope is determined by double standard- 
addition measurements on the hrst 6 solutions of a batch. 
The average of these slopes is then used for evaluating single 
standard-addition measurements on the remaining solutions 
in the batch and obtaining single standard-addition results 
for the first 6 solutions. Figure 1 shows a flow diagram 
describing the electrode conditioning and measurement 
procedure. With the electrode used in our laboratory, the 
potential reached equilibrium within 40-60 set and then 
increased by not more than 0.1 mV in the ensuing 30 sec. 
This slight upward drift was probably due to slight loss of 
ammonia from the solution and slight migration of water 
vapour through the electrode membrane from the sample 
solution. Note: if the sample contains less than about 
0.2-0.3x nitrogen, add a known weight M (about OS-l.0 
g), of nitrogen standard solution No. 2 after the initial 
insertion of the electrode, to bring the electrode signal into 
the linear region of the response graph; do the same for the 
blank measurements (blanks are run by applying the whole 
procedure without sample present). 

t 
Add M2 = 0.8 - 1.5 g of nitrogen std. sol”. 1; 

record the most negative potential, E2, which should 

be at least 30 mV less than El 

c 
For double standard addition only: add PJ3 = 2.5 - 5 

g of nitrogen std. sol”. 1; record the most negative 

potential, E3, which should be at least 30 mV less 

than E -2 

Transfer electrode to stirred conditioning solution; a record measurement solution temperature 

‘; switch off stirrer if there are no more 

Fig. 1. Flow-sheet foi potentiometric measurement of nitrogen 
content by gravimetric standard addition. 

I 



Standard-addition with an ammonia-sensitive electrode 609 

Table 1. Formulae required for calculation with a nominal sample solution mass of 250 g 

Quantity Formula 

Solution concentration, 

c, = 
SOOOM*/(250 + M, + M*) 

antilog {(E, - &298/ST} - {(250 + M,)/(250 + 144, + M,)} 

Electrode 
response slope at 25”, S= 

4 - 4 298 - 
log {CA250 + M,) + 5OOOW, + M,)} (250 + M, + M2) T 

{ C,(250 + M,) + 5OOOM,} (250 + M, + M, + MJ 

N in sample, “/, ({(250 + M,)C. - 5OOM,}lO-‘/MC) - blank 

Notes. 1. The first formula is the “single standard-addition formula.” For the electrode used in this 
laboratory, S is initially taken to be 57.9 mV per decade at 25°C. 

2. The symbols are defined in Fig. 1, with the exception of: (i) T, the absolute temperature of 
measurement and (ii) MC, the weight of sample (g). 

3. The blank is the mean blank value for the batch, expressed as % N, and calculated from the formula 
for the nitrogen content, for a nominal 0.1000-g nitrogen-free sample. 

analysis of a synthetic sample solution comprising 
24&245 ml of 0.3M sodium sulphate and about 3 g 
of nitrogen standard solution No. 2 (weighed to 2 
mg). The blank-corrected nitrogen recovery has al- 
ways been in the range 99.0-101.0%. 

A simpler conditioning procedure consists of plac- 
ing the electrode in stirred conditioning solution for 
at least 60 set and then rinsing it with water, between 
samples; i.e., the conditioning in the solution to be 
measured (third step in Fig. 1) is omitted. However, 
this procedure gives blank-corrected nitrogen recov- 
eries in the range 99.5-104.0% and so is inferior to the 
full conditioning procedure. This bias towards high 
results is consistent with the fact that in the full 
conditioning procedure the E, value obtained before 
removal of the electrode, rinsing with water and 
re-insertion can be as much as 0.6 mV more negative 
than the value recorded after the rinsing and re 
insertion. The second value is the more reliable. 

Variability of the blank 

When the simpler conditioning procedure was 
used, individual blank values for a batch of analyses 
typically ranged between 0.02 and 0.11% nitrogen in 
spite of every precaution being taken to avoid con- 
tamination of solutions by airborne ammonia. The 
full conditioning procedure gave lower blanks with 
much less variation, typically 0.02 + O.Ol”/O nitrogen. 

Unimportance of exact solution mass 

It can readily be shown that replacement of the 
number 250 (the nominal number of grams of 
measurement solution) in the formulae in Table 1 by 
220 or 280 causes a change of less than 0.1 
mV/decade in the calculated response slope (for 25”) 
and a change in the blank-corrected result not exceed- 
ing 0.002’% nitrogen. 

Single vs. double standard-addition 

Many analyses of synthetic sample solutions in our 
laboratory have shown that single standard-addition, 
with the response slope taken as the mean of 6 
replicate slope values obtained by double standard- 

addition on the same day, is at least as reliable as the 
lengthier double standard-addition. A slope value 
differing from the mean by OS-O.7 mV per decade has 
occasionally been obtained by double standard- 
addition measurement of a synthetic sample solution; 
the single standard-addition recovery in such a case 
has always been found to be nearer to 100.0% than 
the double standard-addition recovery was. 

Constancy of electrode slope 

The means of 12 sets of 6 replicate response slope 
determinations at 25” during a 6-week period by 
double standard-addition varied randomly with time 
between 57.7, and 58.0, mV per decade. The mean 
range of the individual sets of 6 slope values was 0.52 
mV per decade. The overall mean slope and 99% 
confidence limit was 57.9, f 0.1, mV per decade. 
Rather than assuming from this result that the slope 
remains constant, it is probably sounder to assume 
that slight day-to-day variations of slope occur, and 
that the slope should be determined during each 
batch of measurements. 

For a single standard-addition measurement with 
E, - E2 = 20, 30 and 40 mV, an error of fO.10 mV 
per decade in the response slope can be shown to 
cause a relative error in the concentration mea- 
surement of kO.25, 0.29 and 0.34’/, respectively; an 
error of +O. 1 mV in E, - E2 will increase these 
relative errors to f 0.76,0.63 and 0.60’% respectively.2 

Results for reference coal samples 

Single lOO-mg samples of five reference coals 
were included in batches of nitrogen analyses 
done on different days by the procedure described. 
Table 2 shows that the results agree well with those 
obtained in other laboratories by other methods. 

Sample throughput 

An analyst using this procedure can readily deter- 
mine nitrogen in 18 samples plus 2 control samples 
and 2 blanks in a 7-hr day. 
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Table 2. Results for nitrogen in reference coal samples 

N, %* 

Reference 
coal 

NBS SRM 1632a 

Australian reference 
coal, ASCRM-001 
SARM 18 

SARM 19 

SARM 20 

Electrode method 
(this lab.) 

1.28,f0.014(18) 

1.67,f 0.019 (14) 
1.91, f 0.025 (10) 

1.41,f0.014(11) 

1.13,f0.026(11) 

Other methods 
(other labs.) 

1.27 & 0.08 (5)t 
1.19 f 0.08 (5)$ 
1.27 f 0.02$ 

1.65 f 0.04# 
1.88 f 0.021 
; .; : E;; (WI 

1:42 : 0:OOS (6)n 
1.15 f a.023 
1.14 f 0.028 (6)l 

*Mean (on dry basis) + standard deviation; the number of replicates is given in 
parentheses. 

tBy neutron-capture prompt gamma-ray activation analysis.’ 
#By oxygen-bomb combustion followed by chemiluminescence measurement.8 
$Mean f pooled standard deviation obtained from duplicate analysis of 4 

samples by the IS0 semimicro Kjeldahl method.9 Laboratory: BHP Central 
Research Laboratories, Shortland 2307, Australia. 

#Mean of results from 9 laboratories, 8 of which used standard methods.iO 
TISO semimicro Kjeldahl method? Laboratory: Australian Coal Industry Re- 

search Laboratories Ltd., North Ryde 2113, Australia. 
SARM 18, 19 and 20 are South African coal samples obtained from E. J. Ring, 

Council for Mineral Technoloav, Private Bag X3015, Randburg 2125, South _. 

Conclusion 

The procedure described provides a simple and 
reliable alternative to current standard procedures for 
determination of nitrogen in coal which involve 
distillation and titration of ammonia, and should be 
readily usable for determination of nitrogen in Kjel- 
dahl digests of other materials. 
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A COMPARISON OF CATIONIC POLYMERIZATION 
AND ESTERIFICATION FOR END-POINT 

DETECTION IN THE CATALYTIC THERMOMETRIC 
TITRATION OF ORGANIC BASES 
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Summary-A systematic comparison has been made of two indicator systems for the non-aqueous 
catalytic thermometric titration of strong and weak organic bases. The indicator reagents, a-methylstyrene 
and mixtures of acetic anhydride and hydroxy compounds, are shown to give results (for 14 representative 
bases) which do not differ significantly in coefficient of variation or titration error. Calibration graphs for 
all the samples, in the range 0.01-0.1 meq, are linear, with correlation coefficients of 0.995 or better. 
Aniline, benxylamine, n-butylamine, morpholine, pyrrole, Ldopa, a-methyl-l;dopa, oL-a-alanine, 
DL-leucine and L-cysteine cannot be determined when acetic anhydride is present in the sample solution, 
but some primary and second amines can. This is explained in terms of rates of acetylation of the amino 
groups. 

Various indicator reagents have been used in the 
non-aqueous catalytic thermometric titration of or- 
ganic bases.‘” Vajgand et al.’ employed a mixture of 
acetic anhydride and water, the indicator reaction 
being the exothermic hydration of the anhydride, 
catalysed by the first excess of the titrant, perchloric 
acid, when the organic base had been neutralized. 
Later, Greenhow* showed that very weak bases could 
be determined if the co-reagent with the acetic anhy- 
dride was an alcohol or a phenol instead of water. A 
completely different type of thermometric indicator is 
a-methylstyrene, which undergoes exothermic cat- 
ionic polymerization when the perchloric acid titrant 
appears in excess in the sample solution.3 

the sample solution contains trace amounts of water, 
which normally inhibit or retard the cationic poly- 
merization. 

EXPERIMENTAL 

Reagents 
Hydroquinone, quinhydrone, a-methylstyrene, 4-hy- 

droxy4methylpentan-2-one, acetic acid, acetic anhydride, 
9&100”/, formic acid and 71-73x pcrchloric acid were 
analytical-reagent grade. Acetic acid and formic acid were 
dried over a molecular sieve, type 4A, before use. 

In the present work the esterification’ and cationic 
polymerization3 systems are compared for the deter- 
mination of representative strong and weak primary, 
secondary and tertiary amines and an amide, thio- 
urea, in terms of precision of replicate titrations, 
titration error and linearity of calibration graphs 
relating titrant volume to sample size. In addition, the 
limitations of the two end-point methods for the 
determination of primary and secondary amines have 
been assessed. 

Amines, amino-acids, catecholamines and thiourea were 
of laboratory-reagent grade. The O.lM perchloric acid in 
acetic acid was prepared by the method of Belcher et ~1.~ 
Solutions were standardized against solutions of analytical- 
grade potassium hydrogen phthalate in dry acetic acid. 

Apparatus 
Details of the automatic titration apparatus, in which the 

titrant is introduced by means of a motor-driven micrometer 
syringe and the temperature is measured by means of a 
thermistor and recorded on a potentiometric chart-recorder, 
are given elsewhere.5 The titration vessel was a Dewar 
beaker (14ml) and solutions were stirred with a magnetic 
stirrer. 

Procedure 

Titrations were done on sample solutions in 
which acetic anhydride had been added to 
the a-methylstyrene indicator, in order to compare 
the effect of acetic anhydride on the determination 
of primary and second amines by both end-point 
procedures, i.e., cationic polymerization and 
esterification. Acetic anhydride is known to have a 
beneficial effect on the sharpness of the end-point 
inflection when a-methylstyrene is the indicator, if 

*Present address: Department of Analytical Chemistry, 
Faculty of Sciences, University of Murcia, Murcia, 
Spain. 

To 0.01-0.1 meq samples of the base dissolved in 3 ml of 
acetic acid, or in 2.5 ml of acetic acid + 0.5 ml of formic acid 
in the case of the more difficultly soluble amino-acids and 
catecholamines, in the &war beaker, was added the appro- 
priate amount of indicator solution, either (a), 0.5 ml of 
a-methylstyrene dissolved in 4 ml of acetic acid or 4 ml of 
acetic anhydride, as desired, or (b), 4 ml of acetic 
anhydride + 0.5 ml of 4-hydroxy-4-methylpentan-2-one or 
4meq of hydroquinone or quinhydrone. The titrant was 
added at a rate of about 0.2 ml/min, and the chart recorder 
set for 400 mV full-scale deflection. The end-point was 
measured on the titration graph at the point where the 
tangent to the main heat rise left the curve at the lower 
temperature end (see Fig. la), as suggested by Vaughan and 
Swithenbank to allow for the “overlap” of the determinative 
and indicator reactions in the thermometric titration of very 
weak acids, with acetone as indicator,6 except for titrations 
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of primary amines in the absence of acetic anhydride (the 
true titration value then corresponded more closely to the 
point obtained as shown in Fig. If). It appears that when 
a mixture of acetic anhydride and a-methylstyrene is the 
indicator reagent, the overlap effect is dominant, but in the 
absence of acetic anhydride this is not so. 

RESULTS AND DISCUSSION 

Titration curves obtained for the primary, second- 
ary and tertiary amines with a-methylstyrene, and 
mixtures of acetic anhydride with 4-hydroxy-4- 
methylpentan-2-one, hydroquinone and quinhydrone 
as indicator reagents are shown in Figs. l-3. 

It can be seen in Figs. l-3 that the end-point 
inflections are sharp when strong bases, or their 
hydrochlorides, are titrated, but are more rounded in 
the titrations of weak bases such as thiourea, pyrrole 
and caffeine. Figure 3 shows that the sharpness of the 
end-point inflections is similar, irrespective of the 
nature of the oxygen grouping(s) of the indicator 
reagent. 

When acetic anhydride was present in the sample 
solution, some primary amines could not be deter- 
mined quantitatively; these included n-butylamine, 
benzylamine, aniline and its hydrochloride, represen- 
tative u-amino-acids (DL-a -alanine, DL-leucine and 
L-cysteine) and L-dopa and a-methyl-L-dopa. The 
secondary amines pyrrole and morpholine also could 
not be determined quantitatively, but it is interesting 
that diethylamine, pyrrolidine and adrenaline tartrate 

could be determined, in the presence of acetic anhy- 
dride. The effect of allowing morpholine and diethyl- 
amine to remain in contact with acetic anhydride in 
the sample solution for various periods of time was 
examined, and it was found that the rate of acety- 
lation of the sample, as measured by the reduction in 
the titration value as this delay time was increased, 
was much faster for morpholine than for diethyl- 
amine, so that while the latter could be determined 
quantitatively under normal titration conditions, i.e., 
titration times of about 5 min, the former could not. 
As expected, all the tertiary amines can be determined 
quantitatively in the presence of acetic anhydride. 

As noted previously,4 the hydrochlorides of several 
amines and the hydrogen tartrate of adrenaline can 
be determined by the catalytic thermometric method 
without addition of mercury(I1) acetate to the sample 
solution, though this is a requirement when visual 
indicators are used in the non-aqueous titration of 
amine hydrochlorides with perchloric acid. 

Precision and accuracy 

In Tables 1 and 2, values for the precision of three 
replicate determinations of samples that can be 
titrated quantitatively are shown as the coefficients of 
variation (CV; relative standard deviation). In addi- 
tion, the average relative errors (E) are quoted, 
calculated on the assumption that the samples are 
100% pure (which, of course, is not in fact the case). 

c 

I 

- 

C I 

b 

I 
I 

- 

I 

T 
/ 

I 

O.lM perchloric acid reagent (ml) (1 division =Iml 1 
Fig. 1. Catalytic thermometric titration of primary amines with O.lM perchloric acid. Amine (mg): a/a’, 
dopamine.HCl 18.94; b/b’, DL-noradrenaline.HCI 20.91; c/c’, ethylamine.HCl8.21; d/d’, tris buffer 12.05; 
e/e’, thiourea 7.87; f, aniline 9.83; g, aniline.HCl 12.98; h, benzylamine 11.14. Indicators: a-h, 
a-methylstyrene (a-e, with acetic anhydride; f-h, without acetic anhydride); a/-e’, acetic 

anhydride + 4-hydroxy-4-methylpentan-2-one. Arrows indicate end-points. 
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\. 
I 

C I C 1 

O.lM perchloric ocld reagent (ml 1 (I division = 1 ml 1 
Fig. 2. Catalytic thermometric titration of secondary amines with O.lM perchloric acid. Amine (mg): a/a’, 
adrenaline tartrate 33.01; b/b’, diethylamine 7.29, c/c’, pyrrolidine 7.12; d, pyrrole 7.09. Indicators: a-d, 
a-methylstyrene (a-c, with acetic anhydride; d, without acetic anhydride); a%‘, acetic 

anhydride + 4-hydroxy-4-methypentan-2-one. Arrows indicate end-points. 

I’ 

1 I 1 

O.lM perchloric acid reagent (ml) (I division =I ml 1 

Fig. 3. Cata!ytic thermometric titration of tertiary amines with O.lM perchloric acid. Amine (mg): a/a’, 
triethanolamine 15.82; b/b, triethylamine 9.82; c/c’, diethylaminoethanol 11.33; d/d’/d”/d”, pyridine 8.56; 
e/e’/e’/e”. diazepam 29.34; f/f/P/f”, caffeine 19.68. Indicators: a-f, a-methylstyrene; a/-f’, acetic 
anhydride + 4-hydroxy-4-methylpentan-2-one; d-f’, acetic anhydride + quinhydrone; d”-f”, acetic 

anhydride + hydroquinone. Arrows indicate end-points. 
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Table 1. Results for precision and “accuracy” in titrations of amines, with a-methylstyrene and acetic 
anhydride +4-hydroxy4methylpentan-2-one as indicator reagents 

Acetic anhydride + 4-hydroxy- 
a-Methylstyrene indicator 4-methylpentan-2-one indicator 

Sample 
weight, Mean titre,+ Mean titre,* 

Compound mg me9 CV, %t E,B % me9 CV, %t E>8 % 

Dopamine.HCl 18.95 0.0993 0.5 -0.6 0.1003 0.6 +0.4 
m-Noradrenaline . HCl 20.91 0.1010 0.5 -0.7 0.1006 0.6 -1.1 
Ethylamine.HCl 8.21 0.1001 0.5 -0.6 0.1007 0.5 -0.04 
Tris buffer 12.05 0.0980 0.7 -1.4 0.0987 0.9 -0.8 
Thiourea 7.87 0.1042 0.5 +0.8 0.1035 0.7 +0.1 
Anilinet 9.83 0.1050 0.6 -0.5 
Aniline. HCl$ 12.98 0.0997 0.6 -0.4 
BenzylamineS 11.14 0.1033 0.6 -0.7 
n-Butylaminel 7.35 0.0998 0.5 -0.7 
a-Methyl-L-dopal 23.80 0.0990 0.7 -0.9 
L-Dopal 19.49 0.0984 0.6 -0.5 
Adrenaline tartrate 33.04 0.0984 1.0 -0.8 0.0987 0.9 -0.4 
Diethylamine 7.29 0.0999 0.5 +0.4 0.1007 0.5 +1.1 
F’yrrolidine 7.12 0.1003 0.6 +0.2 0.1000 0.8 -0.2 
Pyrrolet 7.09 0.1051 0.5 -0.6 
Triethanolamine 15.82 0.1060 0.5 - 0.02 0.1064 0.6 +0.4 
2-Diethylaminoethanol 11.33 0.0970 0.8 +0.36 0.0972 0.5 +0.5 
Triethylamine 9.82 0.0977 0.2 +0.7 0.0980 0.7 +1.0 
Pyridine 8.56 0.1071 0.4 -0.9 0.1077 0.5 -0.5 
Diazepam 29.34 0.1036 0.5 -0.4 0.1037 1.0 +0.5 
Caffeine 19.68 0.1007 0.5 -0.6 0.1006 0.5 -0.7 

* Three determinations. 
t Calculated by using sample standard deviation [,/m factor]. 
E calculated on the assumption that samples are lW/, pure. 
$ E calculated on the assumption that sample-s are 100% pure. 
$ Acetic anhydride absent from the a-methylstyrene indicator reagent. 

Table 2. Results for precision and “accuracy” in titrations of amines, with quinhydrone and hydroquinone 
as co-reagents with acetic anhydride in the thermometric indicator 

Compound 

DiaZepam 
Caffeine 
Pyridine 

* See footnotes to Table 1. 

Quinhydrone Hydroquinone 
Sample 
weight, Mean titre,* Mean titre,’ 

mg me9 cv, %t ET6 % me9 CV, %t E,§ % 

29.34 0.1028 0.5 -0.4 0.1022 0.9 -1.0 
19.68 0.1006 0.6 -0.7 0.1004 0.9 -0.9 
8.56 0.1073 0.6 -0.8 0.1066 0.8 -1.5 

Simple comparison tests (F and 1) applied to the 
results show that there is no significant difference, at 
the 5% probability level, between the CV and mean 
titration values for individual compounds determined 
by the two methods, the averages of the CV values for 
all the compounds, and the variances of the E values 
for each indicator system. For the results in Table 2, 
there is again no statistical evidence to show that the 
average precisions etc. differ, or that they differ from 
those in Table 1. 

The results obtained show that in terms of pre- 
cision and applicability to titration of very weak 
bases, there is nothing to choose between the two 
indicator systems considered. However, an important 
difference is that the a-methylstyrene indicator can be 
used in the absence of acetic anhydride, provided that 
the solvents are dried efficiently, e.g., with a molecu- 
lar sieve. This means that primary and secondary 
amines that are readily acetylated can be determined 
quantitatively by use of this polymerization indicator, 

whereas they cannot be determined by using the 
acetic anhydride/esterification indicator system. 

Graphs of titration volume vs. sample size over the 
range 0.01-0.1 meq for the bases titrated all showed 
a good linear correlation (6 points, coefficients better 
than 0.995). 
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R&um&Plusieurs mol&cules polyph&noliques appartenant B la classe des flavonols et ayant un in&St 
thkapeutique incontestable g&e d leurs propri&+s vasculaires ont tt& btudibs. Elles dtrivent toutes du 
quer&tol, qui est un o-diphknol. L’oxydation Clectrochimique de ces molkules a 6th envisagke en utilisant 
des klectrodes solides toumantes. Le choix du solvant et du pH est disc& Les r&ultats obtenus en 
polarographie B courant continu et g impulsions sont pr&ent&. Une relation a tt& btablie entre la structure 
et le comportement Clectrochimique. L’application au contr8le des mkdicaments est envisagke; la technique 
repr&ente g la fois un moyen d’identification, un critke de puretk et peut etre appliquke sur le plan 
quantitatif. I1 y a en effet une bonne lin6aritb de rkponse de 5 x low6 21 10m4M, ce qui reprkente une 
sensibilitb largement suffisante pour le dosage dans les formes pharmaceutiques. 

Plusieurs mol6cules polyph&oliques appartenant $ la 
classe des flavonols ont un int&t thcrapeutique 
incontestable g&e ii leurs propriCt& vasculaires. Ces 
molCcules sont prescrites en effet dans tous les &tats 
pathologiques se traduisant par une fragilitk vascu- 
laire, car elles renforcent la rksistance des capillaires 
et diminuent leur perm&abilit& Elles sont classees 
dans la s&e des moltcules g activitik vitaminique P. 
Dans cette s&e figurent la rutine (flavonol naturel) 
et ses dtrivCs h6misynthttiques. Leur structure poly- 
ph6nolique leur conftire une facilitk d’oxydation, 
exploit&e d’ailleurs pour leur dttermination quan- 
titative par voie chimique. 

Nous avons essay& de rkaliser une oxydation quan- 
titative de ces flavonols par voie 6lectrochimique dans 
le but d’une part d’Ctudier la relation entre structure 
et comportement &lectrochimique, et d’autre part, 
d’appliquer la polarographie de ces moltcules d leur 
contr8le dans les formes pharmaceutiques. 

Toutes les mol&les t?tudiCes sont des flavonols, 
dont la structure de base est le querc&ol, diversement 
substitd dans le cas des d&rids: 

6H 0 

Si l’hydroxyle en 5 est toujours libre, l’hydroxyle en 
3 est 1% aux sucres dans les hCttrosides et les hydroxy- 
les en 7, 3’ et 4’ sont kventuellement sous forme 
d’btheroxydes. Les d&iv& ktudits sont prksentb dans 
le Tableau 1. 

*Auteur pour correspondance. 

Plusieurs des d&ids present&s sont des o- 
diphCnols qui ont kt& trait& par diffkrents agents 
oxydants comme le nitrite de sodium ou le molybdate 
de sodium, produisant en milieu Cthanolique des 
dtrivks d’oxydation color& en rouge.’ L’acide p&i- 
odique peut aussi conduire $ un titrage poten- 
tiomitrique.* 

Toutes ces mol&ules prtsentent tgalement un 
spectre d’absorption dans l’ultra-violet du fait de leur 
structure polyinsaturte, de la prbence d’un carbonyle 
et des substitutions phCnoliques. L’absorption max- 
imale se situe vers 368 nm pour les gtnines et vers 342 
nm pour les h63rosides.l 

La spectrofluorimttrie a 6galement tt& mise $ 
profit. Si le substituant en 5 est un hydroxyle phCno- 
lique ou un groupement m6thoxylt, la molCcule pos- 
dde une fluorescence importante, mais qui manque 
de sptcificitt par rapport aux d&rives flavoniques.’ 

Les mtthodes chromatographiques ont Cti: pro- 
pos&s pour l’identification et le dosage de la rutine 
et de ses d&iv&, notamment la chromagraphie en 
phase gazeuse et la chromatographie en phase 
liquide sous pression avec ditecteur ultra-violet.5 

Les mithodes tlectrochimiques ont Ctt peu ex- 
ploitkes dans ce domaine. Une rCduction des flavones, 
chalcones et flavonnes $ Wectrode $ goutte de 
mercure a Ctb propos&e par Geissman.6*7 Davideck 
propose la dttermination polarographique du quer- 
dtol apr& sa transformation en chelate de cobalt.8 
Enfin Hamilton’ Ctudie la rkduction de flavonols 
prkalablement oxydes par voie enzymatique. 

La rkduction directe du querc&ol en milieu acide 
et en phase hydro-organique a Ctt d&rite par 
Haluk.‘O Le mecanisme rbactionnel proposC est le 
suivant: il y aurait rkduction du carbonyle 4, en 
alcool, accompagnbe d’une rkduction de l’hydroxyle 
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Tableau 1. Molecules etudiees 

Quercetine H H H H 
Rutine H Rutinose H H 
Morpholinoethylrutine 

(Ethoxazorutine) -CH,-CH2-N 
2 

Rutinose H H 

Trioxyethylrutine -C,H,OH Rutinose -C,H,OH -C,H,OH 

en 3. Dans une deuxikme ttape, une dkshydratation 
intramoliculaire se produirait. 

/$.!LoH=~ 
b: ,’ 6H 

/ 6 

XT 

Af 

\ 

C’est l’oxydation du quercetol et de ses derives qui 
a retenu notre attention. En effet, considerant la 
presence dun noyau diphenolique-1,2 dans la mole- 
cule, nous avons per& a un rapprochement possible 
avec d’autres catechols et en particulier les cat& 
cholamines Ctudiies par Cantin.” 

Nous avons done recherche si les facteurs vita- 
miniques P a itudier Ctaient oxydables par voie 
ilectrochimique grace a certaines electrodes solides 
tournantes. 

PARTIE EXPERIMENTALE 

Solution de fond 

Solvant. Son choix a et6 guide par les imperatifs suivants: 

-assurer une bonne solubilite de la totalite des molecules 
ttudites, 

-avoir un domaine d’electroactivitt etendu vers les poten- 
tiels positifs, 

-ne presenter ni un caractere trop acide (hydrolyse des 
hetbrosides), ni un caractere trop basique (oxydation 
spontanee des molkcules), 

-presenter une constante dielectrique suffisante (> 30). 

C’est le melange dimethylformamide-eau (1:4 v/v) qui a 
et& retenu. I1 r&pond aux impkratifs cites et permet d’obtenir 
une vague polarographique bien reproductible avec les 
composes etudies. 

Tampon. Nous avons adopt& le tampon phosphate de 
Sorensen a pH 7 (39,2 ml de KH,PO, 0,07M et 60,8 ml de 
Na,HPO,. 12H,O 0,07M) qui permet d’obtenir un courant 
de diffusion Blevb, sans risque d’auto-oxydation (i,, croit 
Ibgerement avec le pH) (Tableau 2). Ce tampon joue Bgale- 
ment le role d’blectrolyte support. 

Appareillage 

Polarographe. Polarographe Tacussel type PRG, pouvant 
fonctionner en polarographie classique a courant continu et 
en polarographie a impulsions d’amplitude constante. 

Electrodes. 11 s’agit d’un montage classique a trois dlec- 
trodes. 
-Electrodes de travail: plusieurs electrodes solides tour- 
nantes ont it& comparees: 

platine: les phtnomenes d’adsorption entrainent des 
deformations des vagues; 
carbone vitreux: les courants de diffusion sont peu 
importants et les pits ma1 d&finis en polarographie 
impulsionnelle; 
electrode a disque de graphite: c’est celle qui s’est adree 
la plus satisfaisante; elle est constitub d’un disque de 
graphite de 3 mm de diametre (Tacussel type Ed,); sa 
vitesse de rotation a &it r&glee a 2500 tours/min grlce B 
un amplificateur de type Controvit; cette vitesse de rota- 
tion permet d’obtenir un courant de diffusion a la fois 
intense. et reproductible; la surface du graphite est repolie 
avant chaque determination au moyen dun papier abrasif 
impregni! de solution de fond, puis elle est rincee 
soigneusement a I’eau. 

-Electrode de reference: c’est une electrode au calomel 
saturt, munie dune allonge renfermant la solution tam- 
pon de Sorensen a pH 7. 

-Electrode auxiliaire: il s’agit dune electrode de platine 
plongeant directement dans la solution a polarographier. 

Conditions de travail 

La vitesse de dtroulement des potentiels a tte fix&e ii 2 
mV/sec. La sensibilite a iti choisie de telle sorte que la 
mesure de la hauteur de vague puisse se faire avec precision. 
Les valeurs retenues vont de 2,5 ci 25pA pour 25 cm de 
papier. En polarographie a impulsions, la valeur de 
l’amplitude de l’impulsion surimposee (AE) a et& tixi~ a 100 
mV. Pour chaque molecule, les tracts ont Cte malids aprds 
10 min de degazage. L’exploration est faite de - 0,2 a + 1,7 
V contre E.C.S. La temperature est fixee a 25”. Les solutions 
meres 10w4M de flavonols sont obtenues par dissolution 
dans le dimethylformamide (DMF), en ajoutant ensuite le 
tampon phosphate a pH 7 pour respecter la composition du 

Tableau 2. Variation de i,, et de E,,, en fonction du pH 

PH 

5,O 531 1,75 0,080 
595 536 1,75 0,080 
690 6,4 179 0,090 
6,5 7,l 2,O 0,090 
770 7,6 291 0,090 
7.5 7.9 2.1 0,090 

PH 
final 

E 1,27 
6. V 
IJA (contre E.C.S.) 

s:i 813 231 0,100 

Valeurs obtenues a partir dune solution de quercktine a 
5 x 10-5M dans le melange DMF-tampon (1:4 v/v). 



Determination de facteurs vitaminiques P 617 

Tableau 3. Valeurs obtenues pour le comportement electrochimique 

Ew J% 
V (contre id, V (contre iP, Wl/Zl 
E.C.S.) PA E.C.S.) PA mV 

Quercktine +0,08 2,10* +0,125 27 110 
Rutine +0,19 1,45 + 0,240 5,s 140 
Morpholinoethyhutine +0,23 0,70 + 0,275 2,O 160 
Trioxybthylrutine + 1,450 0,41 100 

Concentration: 5 x 10-5A4 en solution tampon Sorensen-DMF (4: 1 v/v) a pH 7,6. 
‘Deviation standard 0,02 PA (n = 10). 

solvant: DMF-tampon pH 7 (1:4 v/v). Les dilutions ultiri- 
cures sont realides avec le meme solvant. Ces solutions sont 
conserkes a 4” et a l’abri de la lumitre. Leur conservation 
ne doit pas excdder 48 hr. 

RESULTATS ET DISCUSSION 

Pour chaque molecule ttudibe les valeurs de El,*, de 
Ep, de id et W,,2 sont presenttes dans le Tableau 3. 
Chaque chiffre represente la moyenne de cinq deter- 
minations. Les valeurs de id sont celles obtenues avec 
une solution 5 x lo-‘M. 

Relation structure-comportement klectrochimique 

Parmi les mokcules CtudiCes, settle la trioxyethyl- 
rutine n’est pas oxydable a un potentiel inferieur a 1 
V contre E.C.S., dans les conditions exptrimentales 
adopt&es. C’est du reste la molecule la plus substitde 
puisque seul 1’OH en 5 est libre. 

Les autres molecules sont oxydables en donnant 

une vague bien definie en polarographie classique et 
un pit en polarographie impulsionnelle. 

Quercktol, rutine et morpholinotthylrutine pos- 
&dent la structure o-diphbnolique. 11s sont trts facile- 
ment oxydables au meme titre que les cattchol- 
amines.” Ces molecules se distinguent seulement par 
le nombre d’hydroxyles libres sur le cycle du chro- 
mane. La facilite d’oxydation decroit avec ce nombre 
de fonctions hydroxylies. Le blocage de l’OH-3 par 
un ose d&place le E,,* de 110 mV et le potentiel de pit 
de 114 mV vers les potentiels positifs, lorsqu’on passe 
du quercktol a la rutine. L’influence du blocage de 
l’OH-7 est moins importante, le d&placement supple- 
mentaire vers les potentiels positifs est alors de 40 mV 
en D.C. est de 35 mV en polarographie a impulsions 
(morpholinoithylrutine). 

La valeur du courant de diffusion semble propor- 
tionnelle au nombre de fonctions phenoliques libres. 
11 apparait done que la structure cat&ho1 ne soit pas 
la seule en cause dans le mkcanisme rtactionnel. Ce 

Fig. 1. Polarogrammes de solutions 5 x 10mJM dans le melange DMF-tampon (1:4 v/v) a pH 7,6 
(AE = 100 mV). (a) Quercktine: EP = +0,125 V (S = 2 pA/cm). (b) Rutine: Er = +0,240 V (S = 1 
pA/cm). (c) Morpholinoethylrutine: EP = +0,275 V (S = 0,5 PA@). (d) Trioxyethylrutine: EP = + 1,450 

V (S = 0,2 pA/cm). (S = sensibilitd de l’enregistrement). 
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mkcanisme reste done $ dtmontrer, ce que now nous que la valeur des courants de pits enrigistrks permet 
proposons de faire dans l’avenir. de dkeler des traces de produit. 

Application au contrBIe des mbdicaments Conclusion 

Le comportement Clectrochimique des moltcules 
CtudiCes permet d’envisager des applications qual- 
itatives et quantitatives. 

Les diffkrences de Eljz permettent dans une certaine 
mesure d’utiliser ces valeurs comme critkre d’identitk. 
Ce sont surtout les Ep qui prkentent dans ce cadre un 
in&et. NCanmoins, il n’est pas possible de distinguer 
la rutine de I’Cthoxazorutine (Fig. 1). 

L’oxydation tlectrochimique des facteurs vita- 
miniques P ttudiks a pu etre obtenue grke A une 
ilectrode de graphite. L’intensitk du courant de 
diffusion est importante, ce qui permet d’envisager 
des applications quantitatives intkressantes dans le 
cadre du contrble des mkdicaments. 

Les memes d&terminations peuvent btre mises 21 
profit comme c&&e de puretk. On peut par exemple 
rechercher la prtsence de quercktol libre dans la 
rutine ou les d&iv& hkmisynthttiques. On peut 
kgalement envisager d’identifier la rutine (matitre 
premikre) dans la trioxykthylrutine. 

Les diffkrences de comportement Blectrochimique 
en fonction de la structure peuvent Cgalement %tre 
mises A profit dans une optique qualitative et pour le 
contr6le de puretk de ces molkules. 
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Summary-Several flavonols of therapeutic interest on account of their vascular properties have been 
studied. They were all derived from the o-diphenol quercetol. Their electrochemical oxidation at a rotating 
solid electrode has been examined, and the choice of solvent and pH is discussed. Results obtained by 
d.c. and pulse polarography are presented. A relation between their structure and electrochemical 
behaviour has been established. Application to drug analysis is proposed, giving identification, deter- 
mination and purity assay simultaneously. There is a linear response over the range 5 x 10-6-10-4M, 
a sufficient range for analysis of pharmaceuticals. 
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Summary-The mass spectra of eight nitrosamines have been recorded, with excitation by chemical 
ionization (CI) and electron impact (EI). Comparison of the intensities of the base peaks under CI and 
EI conditions gives intensity ratios in the range 1.4-1.9 for low resolution measurements and up to 10 
for high resolution measurements, confirming the enhanced sensitivity available in the CI mode. 

As a preliminary test for the presence of volatile 
nitrosamines, the technique of gas chromatography 
(GC) is usually used. However, for the identification 
of a specific nitrosamine, it is most commonly com- 
bined with mass spectrometry (MS). A number of 
publications have reported the analysis of nitros- 
amines by electron-impact mass spectrometry 
(EIMS)’ since Collin first described the mass spectra 
of five nitrosamines.2 Later, the technique of 
chemical-ionizationmassspectrometry(CIMS)wasde- 
veloped and the first successful results were reported 
by Munson and Field in 1966.’ The fragmentation 
patterns obtained are much simpler than those ob- 
tained with conventional EIMS, and conform more 
closely to the structures of the molecules to be 
identified. The CIMS spectra are therefore more 
useful for both qualitative and quantitative analysis. 

Gadbois et aL4 used this technique for the deter- 
mination of dimethylnitrosamine. They used methane 
as the reagent gas, and monitored the ion current at 
m/z = 75. GaIiield et aL5 reported the CIMS spectra 
for ten nitrosamines, and gave preliminary sensitivity 
measurements for two of them, nitrosodimethyl- 
amine and nitrosodiphenylamine. They used a com- 
bination of gas chromatography with CIMS. At the 
present time there is still a need for more reference 
chemical-ionization mass spectra of nitrosamines. 
This paper presents such spectra for eight commer- 
cially available pure nitrosamines. A comparison of 
sensitivities is made for the CI and EI modes of 
operation with the same mass spectrometer. 

EXPERIMENTAL 

Apparatus 
A JMS-D300 CIMS, coupled to a JMA-2000 computer 

system was used with methane as reagent gas. It was 

*Present address: The Sanitation and Antiepidemic Station 
of Jilin Province, Changchun, China. 

tPresent address: Beijing Environmental Protection Re- 
search Institute, Beijing, China. 

operated at a resolution of 500 (loo/, valley) and a source 
temperature of 200”, with an ionizing voltage of 200 V and 
a trap current of 300 PA. Samples were introduced by 
means of a direct insertion probe or an adjustable leak valve 
attached to the gas-liquid inlet. 

A gas chromatograph was connected by a solvent-venting 
valve and a glass jet separator to the mass spectrometer; the 
glass chromatographic column (2 m x 1.8 mm bore) was 
packed with 15% PEG-2OM/l% KOH on Chromosorb W 
AW-DMCS. Helium was used as carrier gas at a flow-rate 
of 40 ml/min, the column temperature was 120” for N- 
nitrosodimethylamine and 160” for N-nitrosopyrrolidine, 
and the sample inlet and interface temperatures were both 
200”. 

Sensitivity measurement 
The sensitivities in the CI and EI modes of operation were 

compared by setting the instrument to a resolution of 7000 
and using the peak-matching facility. The mass range in the 
vicinity of the appropriate parent ion (74.0480 or 100.06366) 
and the quasimolecular ion (75.05583 or 101.07149) were 
continuously scanned. The output was displayed on the 
oscilloscope of the peak-matching unit, thus enabling the 
nitrosamine and reference ion-currents to be alternately 
monitored every 2 sec. The peak height on the oscilloscope 
gave the appropriate sensitivity. 

RESULTS AND DISCUSSION 

A summary of the mass spectra of the nitros- 
amines, obtained by low-resolution CIMS, is given in 
Table 1. The abundances of the ions listed are in 
agreement with those reported by Gafheld et al.’ Five 
of the eight nitrosamines have spectra in which the 
base peak is that for (M + 1) + . The corresponding EI 
mass spectra include only three in which the base 
peak is M+. The fraction of the total ion-current (a) 
carried by the ion responsible for the base peak 
(expressed as %) for both the CI and EI modes is 
given in Table 2. It can be seen that this fraction is 
over 50”/, for the CI mode and less than 30% for the 
EI mode for all the nitrosamines except nitroso- 
diphenylamine. Operation in the CI mode therefore 
offers increased sensitivity. 

Although a rigorous comparison of the sensitivities 
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Table 1. Summary of mass spectra of nitrosamines, obtained by CIMS using 
methane as reagent gas* 

Compound (M+41)+ (M+29)+ (M+l)+ (M-29)+ (M-30)+ 

Nitrosodimethylamine 1.1 0 100 0 1.6 
Nitrosodiethylamine 2.6 3.8 100 0 0.8 
Nitrosodi-n-propylamine 3.6 10.0 100 0 0 
Nitrosopyrrolidine 2.4 1.2 100 0.7 3.6 
Nitrosopiperidine 3.6 5.7 100 0.7 3.0 
Nitrosodiphenylamine 0 0 3.4 100 34.1 
Nitrosomethylphenylamine 0 0 1.4 31.9 6.3 
Nitrosodiethanolamine 0.4 2.1 4.1 8.9 12.8 

*All values refer to the intensity relative to the ion with the base peak set equal 
to 100. 

Table 2. Comparison of u values* for the CI and EI modes of operation 

EI CI 

Compound mlr 0, % m/r =, % 

Nitrosodimethylamine 14 29.5 75 87.5 
Nitrosodiethylamine 102 23.6 103 82.1 
Nitrosodi-n-propylamine IO 20.2 131 65.0 
Nitrosopyrrolidine 100 32.5 101 78.8 
Nitrosopiperidine 42 17.5 115 15.2 
Nitrosodiphenylamine 169 19.8 169 30.8 
Nitrosomethylphenylamine 106 28.8 108 58.1 
Nitrosodiethanolamine 42 18.9 14 59.2 

*c is the fraction of total ion-current carried by the ion responsible for the base 
peak, expressed as %. 

of CI and EI mass spectrometry cannot be made for 
any given nitrosamine, it is possible to compare the 
intensities of the base peaks for the CI and El modes. 
The intensity ratio is a measure of the relative 
sensitivity of the instrument in the two operating 
modes. The measured intensity ratios are 1.87, 1.44 
and 1.90 for nitrosodimethylamine, nitrosodiethyl- 
amine and nitrosodiphenylamine, respectively. Thus 
the sensitivity of CIMS is higher than that of EIMS 
under low-resolution conditions. The improvement in 
sensitivity is even more marked under high-resolution 
conditions (by the peak-matching technique), the 
intensity ratio rising as high as 10. Therefore high- 
resolution CIMS with peak-matching is a useful 
method of detecting specific nitrosamines in complex 
mixtures. 
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Summary-Careful heating of K,[(Zr, Hf)(C,0,),].5H,O results in a two-step thermal decomposition 
which can be written as: K4[(Zr, Hf)(C,O,),]. SH,O-+ K4[(Zr,Hf)(C,0,)+ {2K,CO, + (Zr, Hf)O,}. 
The weight-ratio of the successive decomposition products depends on the abundance ratio of Zr and Hf, 
and forms the basis for the present method of gravimetric determination. 

It is well known that both zirconium and hafnium 
form potassium tetrakis(oxalato)zirconohafnate at 
all Zr/Hf ratios.’ The thermal decomposition of the 
mixed metal complex salt gives thermogravimetric 
(TG) curves with two well-defined plateaus in the 
temperature ranges 170-240” and 450-650”, corre- 
sponding to the formation of K,[(Zr, Hf)(C,O,),] 
and {2K,CO, + (Zr, Hf)O,}, respectively. 

As can be deduced from theory, the percentage 
weight losses at these two plateaus depend on the 
relative abundance of Zr and Hf in the complex salt. 
Therefore, a new method for determining the abun- 
dance ratio can be based on analysis of the TG curve. 

EXPERIMENTAL 

Materials 
Reactor-grade zirconium metal containing only 42 ppm 

of hafnium was received from the Japan Atomic Energy 
Research Institute, Tokai. Three commercial materials were 
also utilized: hafnium oxide, 99 mole% purity (Merck, 
Darmstadt); hafnium oxide, 87 mole”/,; zirconium oxy- 
chloride, 97 mole%. 

Preparation of the complex salt 

Metallic zirconium or hafnium oxide was chlorinated2’ in 
order to prepare aqueous solutions of zirconium and haf- 
nium; aqueous solutions of zirconium oxychloride were 
prepared directly from the reagent. 

A series of zirconium-hafnium solutions with the desired 
abundance ratios was prepared by mixing standard solu- 
tions of known composition. Both zirconium and hafnium 
in these solutions were converted into the complex salt by 
the conventional procedure.’ The Zr/Hf ratios in the salts 
were the same as in the solutions. In the present study, 7 
mixtures with different abundance ratios were prepared, and 
labelled A, B, C . . . G. 

Thermal &composition and gravimetric measurements 
About 5 mg of the complex salt was decomposed by 

heating it on an electric balance, Cahn Model 2000, under 
a normal atmosphere, in order to measure the change in 

*Author for correspondence. 

weight. The temperature was raised at a rate of about 
O.‘l”/min. 

RESULTS AND DISCUSSION 

Figure 1 shows the typical TG curves for samples 
A and G. In the temperature regions II and IV, both 
curves give two well-defined plateaus. The TG curves 
for all 7 samples displayed these plateaus. Experi- 
mental checks showed that the plateaus remain in the 
same position regardless of the rate of temperature 
change. 

Determination of Zr-Hf abundance ratio 

The plateaus in the regions II and IV provide more 

I 
I 

I II A IV 
0 ’ 

-300 -xx) -100 0 100 mo 300 
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Fig. 1. TG curves for samples A and G. 
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Fig. 2. Plots of b,,/b,, us. the mole fraction of Zr and atomic ratio Zr/Hf. Value of b,,/b,,: 1.4870 f 0.0001 
(A); 1.4846 + 0.0006 (B); 1.4613 f 0.0005 (C); 1.4380 + 0.0007 (D); 1.4154 + 0.0013 (E); 1.4074 + 0.0009 

(F); 1.3987 f 0.0006 (G). 

than 25 data points in each run. Therefore the 
constants in the following equations can be deter- 
mined very precisely by least-squares fitting of the 
data: 

w,, = %X + b,, and W,, = alvx + b,, 

where suffix II or IV stands for the plateau in the 
temperature region II or IV respectively, W repre- 
sents 100 x [observed weight/initial weight], a is the 
slope of the plateau region, and x denotes observed 
temperature minus 345”. The origin of the tem- 
perature axis is moved to 345” in order to minimize 
geometrical errors; this temperature corresponds to 
the mid-point between the two plateaus. 

Although both b,, and 6,” are found from many 
observed values, they are related to the initial weight 
of the sample at room temperature, which is mea- 
sured just once for each experimental run. In the 
present work, the ratio b,,/b,” is used instead of b,, or 
b,” as the variable related to the relative abundance 
of Zr and Hf, so that the effect of the geometrical 
errors on the relationship shown in Fig. 2 will be 
minimized. The values of b,, and b,” have no stoichio- 
metric significance, but are used because they can be 
accurately calculated from the data, whereas the 
values corresponding to the completion of the two 
thermal decomposition steps are somewhat de- 
pendent on experimental variables such as heating 
rate and weight of sample. The method of calculation 
is purely empirical. 

Experimental values of b,,/b,, are plotted against 
mole fraction of Zr. The experimental points fall on 
a smooth curve and have satisfactorily small standard 
deviations, showing that this curve can be used for 

the determination of the abundance ratio. This re- 
lationship can be seen in Fig. 2, in which the abun- 
dance ratio is given both as mole fraction of Zr and 
atomic ratio Zr/Hf. The standard deviations for 
b,,/b,, were obtained by repetition of the thermal 
decomposition. Geometric consideration of Fig. 2 
leads to the conclusion that the standard deviation 
for the mole fraction of Zr in an “unknown” sample 
should lie in the range (0.005-0.02). 

Recommended procedure 

Add 20 ml of concentrated hydrochloric acid and 50 ml 
of 160/, mandelic acid solution to the starting solution, 
containing not more than 300 mg of Zr + Hf. Dilute the 
solution to 100 ml with water and digest it at 85” for 20 
min. Filter off precipitate on a suitable paper and wash it 
with hot 5% mandelic acid solution in hydrochloric acid 
(1 + 50).4 This procedure frees the Zr and Hf from prac- 
tically all kinds of impurities. Ignite the precipitate to 
(Zr, Hf)O, in a platinum crucible. Mix the product with 2-3 
times its weight of carbon, place the mixture in a porcelain 
boat and insert this into a silica tube (25 mm internal 
diameter, 1000 mm long), connected to a product collector. 
Purge the tube first with nitrogen and then with chlorine. 
Maintain a slow flow of chlorine through the reaction tube 
and heat it to 900”. The (Zr, Hf)Cl, produced deposits in 
the collector.3 

To 20 ml of aqueous solution of 400 mg of the mixed 
tetrachlorides add 20 ml of an aqueous solution containing 
1200 mg of K2C204.HZ0 and 400 mg of H,C20,.2H20, 
dropwise with stirring. Heat the mixture to boiling, cool it 
to room temperature, then add 30 ml of ethanol dropwise. 
Filter off the precipitate, wash it with ethanol and dissolve 
it with hot water (70’). Cool this solution to room 
temperature, add ethanol to reprecipitate the mixed oxalate, 
and wash it first with ethanol, and then with diethyl ether. 
Mount about 5 mg of the salt on the thermobalancc and 
heat it for TG curve measurement. Calculate b,, and 6,” by 
extrapolation of the least-squares best fit for the points on 
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plateaus II and IV. From b&y and the calibration curve 
(Fig. 2), read off the mole fraction of Zr or the atomic ratio 
Zr/Hf. 

CONCLUSION 

The method is based on the in situ thermal decom- 
position of the mixed complex oxalato salt on the 
balance, and empirical analysis of the data. Losses of 
zirconium and hafnium during the decomposition 
procedure are expected to be negligible. The amounts 
of sample required are much smaller than those used 
in other gravimetric methods for Zr/Hf ratio deter- 
mination. 
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Summar-A sensitive spectrophotometric method for zinc has been established by reacting zinc with 
2-(3,5-dibromo-2-pyridylazo)-5-diethylaminophenol (3,5-diBr-PADAP) in the presence of an anionic 
surfactant, sodium lauryl sulphate. The molar absorptivity is 1.3 x lo5 l.mole-‘.cm-’ at 570 nm. The 
molar ratio of zinc to 3,5-diBr-PADAP is 1:2. Beer’s law is obeyed up to 0.7 ppm of zinc. With 
preseparation of zinc by extraction of its thiocyanate complex, the method has been applied to the 
determination of zinc in waste water. 

Silver’ and uranium2 have been determined spectro- 
photometrically with 2-(3,5-dibromo-2-pyridyl-azo)- 
5-diethylaminophenol(3,5-diBr-PADAP) in the pres- 
ence of anionic surfactant. We have now investigated 
this kind of colour reaction for zinc, and worked out 
a sensitive spectrophotometric method for deter- 
mination of zinc with 3,5-diBr-PADAP in the pres- 
ence of sodium lauryl sulphate (SLS). Th: practical 
molar absorptivity is 1.3 x lo5 1. mole-‘. cm-’ at pH 
7-10 and at 570 nm, making the reaction one of the 
most sensitive known for zinc. If the zinc is pre- 
separated by extraction of its thiocyanate complex 
and stripping, the reaction can be used for the 
determination of trace amounts of zinc in waste water 
samples, except when cobalt is present. 

EXPERIMENTAL 

Reagents 

Zinc standard solution, 1 mglml. Dissolve 0.1245 g of pure 
zinc oxide in 10 ml of hydrochloric acid (1 + 1) in a lOO-ml 
standard flask and dilute to volume with water. Dilute the 
solution as required. 

3,5-DiBr-PADAP, 5 x 10e4 M ethanolic solution. Dis- 
solve 0.020 g of 3,5-diBr-PADAP, synthesized by the pro- 
cedure described previously,’ in 100 ml of ethanol. 

Sodium lauryl sulphate (SLS) solution, 1%. 
Ammonium thiocyanate soiution, 40%. 
Thiourea solution, 10%. 
Buffer solution, pH 8.2. Adjust O.lM sodium borate with 

hydrochloric acid to pH 8.2, using a pa-meter. Unless 
otherwise stated, all reagents used were of analytical-reagent 
grade, and demineralized water was used throughout. 

Recommended procedure 

Take a known volume (up to 30 ml) of water sample in 

*Author for correspondence. 

a 60-ml separatory funnel. Add 2 ml of hydrochloric acid 
(1 + l), 3 ml of thiourea solution and 3 ml of ammonium 
thiocyanate solution. Dilute to about 40 ml with water, add 
10 ml of methyl isobutyl ketone (MIBK), shake the mixture 
for 6 min, allow the phases to separate, and draw off the 
aqueous layer. Shake the aqueous phase with another 10 ml 
of MIBK, combine the extracts and discard the aqueous 
phase. 

Add 10 ml of hydrochloric acid (1 + 1) to the organic 
phase and shake the mixture for 6 min. Allow the phases to 
separate, and collect the aqueous layer in a lOO-ml standard 
flask. Repeat with another 10 ml of hydrochloric acid, add 
the aqueous layer to the standard flask, dilute to volume 
with water and mix. Pipette a portion containing not more 
than 7 peg of zinc into a lO-ml standard flask, adjust to about 
neutrality with ammonia solution (1 + l), and add, in the 
following order and with mixing between additions, 2 ml of 
pH 8.2 buffer, 0.75 ml of 3,5diBr-PADAP solution and 2 
ml of SLS solution. Dilute to volume with water, mix, and 
let stand at room temperature for 10 min. Measure the 
absorbance is 570 nm against a reagent blank similarly 
prepared, with l-cm cells. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorption spectra of 3,5-diBr-PADAP-SLS, 
3,5-diBr-PADAP-Zn and 3,5-diBr-PADAP-Zn-SLS 
mixtures in aqueous solution at various pH-values 
have been studied. The spectra at pH 8.2 are shown 
in Fig. 1. Aqueous solutions of 3,5-DiBr-PADAP- 
SLS at pH from 2 to 11 are all orange-yellow and give 
an absorption maximum within the range 445465 
nm (curve A). The 3,5-JiBr-PADAP-Zn system 
forms a new product and exhibits an absorption peak 
at 600 nm (curve B). In the ternary system, 
3,5-diBr-PADAP-Zn-SLS, the zinc complex formed 
exhibits two absorption peaks, at 530 and 570 nm, 
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Table 1. EtIiciency of preseparation of 1 mg of zinc from mixtures with other ions 

625 

Residual amounts of ions, 
determined by AAS 

No. 
Ions added,* 

*g 

In initial aqueous phase, 
after extraction, 

*g 

In aqueous phase 
from stripping of 
organic extract, Recovery of 

*g zinc, % 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Mn2+ 1 00 
Pb*+ 1 60 
Cr(VI)‘l.OO 
N?+ 100 
cd*+ i.00 
cu*+ 0 5 
V(V) 0:5 
Ag+ 0.5 
Bi3+ 0 5 
Ba2+ d.5 
co’+ 0 5 
CTMAR 100 
SLS 100 
Ca2+ 5.00, Mg*+ 
5 00 Al’+ 1 5 . , 
Fe’+ 1 00 Mn . ‘2+ 

. , 

100 Pb2+ 100 
dr(V) 1.00, N?+ 
100 Cd*+ 100 
V(Vj 0.5, cu*+ ’ 
0.5, Ag+ 0.5, Bi’+ 
0 5 Ba2+ 0 5 
~TMAB l.bd, 
SLS 1.08 

Ca 5.12, Mg 5.20 Ca 0.1, Mg 0.06 
Al 1.43 Al 0.02 
Fe 0.1 Fe 0 
Mn 1.06 Mn 0.13 
Pb 0.74 Pb 0 
Cr 0.96 Cr 0.014 
Ni 0.83 Ni 0 
Cd 0.72 Cd 0.016 
Cu 0.25 Cu 0.24 
v 0.14 v 0.077 
Ag 0.44 Ag 0.055 
Bi 0.4 Bi 0 
Ba 0.35 Ba not detected 
co 0.14 co 0.47 

Ca 4.7, Mg 5.22, Ca 0.1, Mg 0.02 
Al 1.4, Fe 0.06, Al 0.3, Fe 0, 
Mn 1.08, Pb 0.74, Mn 0.008, Pb 0, 
Cr 0.93, Ni 0.83, Cr 0.01, Ni 0, 
Cd 1.09, v 0.21, Cd 0.003, V 0.09, 
Cu 0.32, Ag 0.43, Cu 0.3, Ag 0.5, 
Bi 0.47, Ba 0.35 Bi 0, Ba 0 

102 
100 
100 
100 
100 
100 
100 
100 
100 
102 
98 
91 
97 

122 
95 
97 

103 

*Total volume of mixture was 40 ml. 
These aqueous phases were diluted to 100 ml before analysis. 
By spectrophotometry. 
In the presence of thiourea. 

and the molar absorptivity is about twice that in the 
absence of SLS (curve C). The optimal wavelength 
for measurement of the zinc complex against a re- 
agent blank is 570 nm. The absorbance of the zinc 
complex in the 3,5-diBr-PADAP-Zn-SLS system is 
practically constant when the colour is developed in 
the pH range 7.5-10. 

For 7 pg of zinc in 10 ml of solution, the optimum 
reagent concentrations of the final solution are 
3.0-4.0 x 10e5M 3,5-diBr-PADAP and 0.2-0.25% 
SLS. The reaction of zinc with 3,5-diBr-PADAP in 
the presence of SLS gives complete colour devel- 
opment at room temperature on standing for 10 min, 
and the absorbance at 570 nm remains constant for 
at least 48 hr. The absorbance does not vary with 
temperature over the range 15-50”. 

The calibration graph prepared according to the 
recommended procedure is linear and passes through 
the origin, the colour system obeying Beer’s law for 
zinc concentrations up to 0.7 pg/ml in the solution 
measured. The practical molar absorptivity at 570 nm 
is 1.3 x lo5 l.mole-‘.cm-‘. 

Composition of the complex 

The nature of the complex was investigated by the 
continuous-variations and molar-ratio methods at 
fixed SLS concentration. The molar ratio of zinc to 
3,5-diBr-PADAP in the complex was found to be 1: 2. 

Effect of diverse ions 

Because 3,5-diBr-PADAP produces colour reac- 
tions with a number of common metal ions, it was 
necessary to find a suitable method for preseparation 
of zinc, if the method were to be usable for deter- 
mination of zinc in some practical water samples. The 
method described earlier3 was considered adequate 
for the purpose. The thiocyanate complex of zinc is 
extracted from 0.3-2.1M hydrochloric acid into 
methyl isobutyl ketone, and then zinc is stripped with 
6M hydrochloric acid. This separates the zinc from 
various other metal ions in the sample. The efficiency 
of the method has been checked by the determination 
of 1.00 mg of zinc in the presence of a number of 
other ions, both individually and collectively. The 
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Fig. 1. Absorption spectra. Curve A-3,5-diBr-PADAP 
(5 x 10-5M)-SLS (0.2%). Curve B-3,5diBr-PADAP 
(5 x IO-‘M)-Zn (0.5 ppm). Curve C-3,5-diBr-PADAP 

(5 x IO-‘M)-Zn (0.5 ppm)-SLS (0.2%). 

recovery of zinc was determined by the recommended 
procedure, and the distribution of the foreign ions 
between the residual aqueous phase from the extrac- 
tion and the stripping solution was determined by 
atomic-absorption spectrophotometry (AAS). The 

Table 2. Comparison of analytical results for zinc 

AAS method, Proposed method, 
Sample ppm ppm 

1 122.5 120.1 
2 3.89 3.87 
3 1.90 1.80 
4 1.40 1.38 
5 0.28 0.27 

results are shown in Table 1. The effect of 
cetyltrimethylammonium bromide (CTMAB) was 
also examined, in case it affected the action of the 
SLS in the determination. 

Application 

The proposed method has been applied to the 
determination of zinc in industrial waste-water. The 
analytical results obtained agreed well with those 
from atomic-absorption spectrophotometry, as 
shown in Table 2. 

Seven replicate portions of a waste-water sample 
containing zinc were analysed individually by the 
recommended procedure and gave an average value 
of 38.8 ppm with a standard deviation of 0.045 ppm. 

Acknowledgement-The authors wish to thank Mr. Yin 
Zhong-chao and Mr. Yi Bu-rong, Analytical and Testing 
Institute of Hunan Province, Changsha, China for their 
help. 

1. 

2. 
3. 

REFERENCES 

Shui-Chieh Hung, Chang-Ling Qu and Shui-Sheng Wu, 
Talanra, 1982, 29, 85. 
Idem, ibid., 1982, 29, 629. 
Tan Zhe, Chemical Analysis and Physical Testing (in 
Chinese), 1979, 6, 19. 



Talanto, Vol. 31, No. 8, pp. 621-629, 1984 
Printed in Great Britain 

0039-9140/84S3.Cil+O.O0 
Pergamon Press Ltd 

STUDIES ON EXTRACTION OF THORIUM 
FROM NITRATE SOLUTIONS WITH QUATERNARY 

AMMONIUM HALIDES 

I. S. EL-YAMANI and E. I. SHABANA 

Nuclear Chemistry Department, Nuclear Research Centre, Atomic Energy Authority, Cairo, Egypt 

(Received 28 October 1983. Accepted 23 February 1984) 

Summary-Thorium can be quantitatively extracted with O.lM Hyamine 1622 in dichloroethane from 
0.25M nitric acid/2M sodium nitrate and stripped from the organic phase with O.lM sulphuric acid. The 
equilibration takes 20 min. Thorium can thus be separated from a large number of elements which are 
usually associated with it in monazite and in fission products of nuclear fuel. 

The use of long-chain amines in the solvent extraction 
of thorium has been summarized and critically re- 
viewed, but this method for its extractive separation 
is of limited application. I,* It has been pointed out 
that the extraction efficiency of quaternary ammo- 
nium halides is higher than that of amines.’ The 
efficiency is enhanced when the number of carbon 
atoms in the quaternary salt is 224. Moreover, the 
introduction of a benzyl group in place of an aliphatic 
group greatly enhances the extracting ability of the 
quatemary salt.4 Hyamine 1622, which justifies such 
a generalization, has been used previously for the 
extraction and separation of zirconium.5 The present 
investigation is part of a programme of systematic 
studies on liquid-liquid extraction of some nuclear 
materials; it reports recently obtained data on extrac- 
tion of thorium from nitrate solutions by Hyamine 
1622 in dichloroethane and the separation of the 
metal from rare-earth elements. 

EXPERIMENTAL 

Reagents 
Hyamine 1622 (Hn), R,R’NCl, (Rohm and Haas), a pure 

crystalline quatemary ammonium halide of molecular 
weight 466.1 and bulk density 0.44 g/cm’, was used as 
received. Other chemicals were of reagent grade. 

Isotope solutions 
23Th was milked from uranium through successive ex- 

traction from a solution of uranyl nitrate (50 g) in 6M 
hydrochloric acid (100 ml) with 30% tributyl phosphate in 
xylene;6 2% remained in the aqueous phase. The isotope 
solution was evaporated nearly to dryness, converted into 
nitrate form then diluted to a suitable volume. Other tracers 
were obtained through (n. y) reactions or by separation of 
the initial nuclide from the daughter product (YZr).’ 

Extraction procedure 
Equal volumes (5 ml) of aqueous phase containing the 

tracer [or the tracer-lake&d or even the unlabelled species, 
the latter being aluminium, gallium and uranium(VI)J in 
nitric acid of appropriate concentration and of the organic 
phase pre-equilibrated with nitric acid, were shaken 
mechanically in glass-stoppered tubes for 20 min at room 
temperature (20 + 3”). After centrifugation, aliquots of both 

phases were placed in glass cups, evaporated to dryness, 
then counted with an end-window Geiger-Miiller counter 
(for 2T%). The y-activities were measured with a scintil- 
lation counter and NaI(Tl) crystal. Gallium and aluminium 
were determined complexometrically by back-titration with 
zinc, (dithizone as indicator, at pH 2.8 and 4.6 for Ga and 
Al respectively),sJ and U(W) was determined spectro- 
photometrically by the hydrogen peroxide method.‘O 
Experiments were conducted in duplicate and the distribu- 
tion ratio (0) was calculated as the ratio of the activities of 
the tracer (or the metal concentrations) in the organic and 
aqueous phases. The separation factor (selectivity, S) was 
computed from S = D.,,JD,, where M is the metal ion 
concerned. 

Analyses of the extracted complexes 
The analytical composition of the species extracted was 

determined experimentally by saturation of an organic 
phase consisting of 0.01 or O.lM Hn in dichloroethane, by 
shaking it for 20 min each time with eight successive 
aqueous feeds of 0.09M thorium in 5M nitric acid. The 
concentration of thorium in the saturated organic phase was 
determined complexometrically (with Xylenol Orange as 
indicator) after stripping with O.lM sulphuric acid,” and the 
nitrate concentration was determined by reduction in meth- 
anolic solution to ammonia, which was then distilled into 
excess of hydrochloric acid, the surplus of which was 
determined titrimetrically.‘2 

RESULTS AND DISCUSSION 

Effect of initial HNO, concentration 

The extraction of thorium from its aqueous solu- 
tion, with O.lM Hn in dichloroethane, was examined 
at different acidities (0.25-lO.OM); results are shown 
in Fig. 1. Higher D values are obtained at lower 
acidities (G 5M), presumably because of formation of 
anionic complexes, and the lower values given at 
higher acid concentrations may be attributed to 
competition between thorium and nitric acid for 
association with the extractant, and/or formation of 
less readily extractable complexes. From Fig. 1, it 
may be inferred that extraction of thorium with Hn 
is dominated by solvating and ion-exchange reaction 
mechanisms at lower (<5M) and higher acidities 
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Fig. 1. Extraction of thorium from nitric acid and 0.25M 
HNO,/NaNO, solutions by O.lM Hn in dichloroethane. 

respectively, a view consistent with the behaviour of 
the V(IV)-HCl-Aliquat 336 system.13 

When the nitric acid in the aqueous phase is partly 
replaced with sodium nitrate (Fig. l), D for the 
HNO,/NaNO, mixture is found to increase steadily 
with increase in total nitrate concentration. This 
indicates that the controlling factor in the extraction 
behaviour is the total nitrate ion concentration and 
hence the fall of the D curve for purely nitric acid 
media at higher acidities may be ascribed to the effect 
of the hydrogen ion. Quantitative extraction was 
obtained with a 0.25M HNO,/ZM NaNO, solution. 

Dependence on metal and extractant concentration 

The variation of thorium concentration in the 
organic phase was examined, for extraction with 
O.lM Hn in dichloroethane. Maximum loading val- 
ues of about 0.045 and 0.042M were obtained at 5.3 
and 8.6M nitric acid respectively, implying that two 
quaternary extractant molecules are associated with 
each metal ion extracted. This is in agreement with 
the number calculated from a plot of log D us. log 
[Hn]; the extractant concentration was varied be- 
tween 0.005 and 0.144, the acidities used were 3.2, 5.3 
and 8.5M, and trace level concentrations of thorium 
(- 10e6M) were used. D increased linearly with rise 
of Hn concentration up to about O.O5M, above which 
the slopes of the curves considerably increased. The 
slopes obtained were consistent and approximated to 
unity at lower Hn concentration (< 0.05M) and 2 at 
higher molarities, indicating a first or second power 
dependence of D on Hn concentration, according to 
the acidity. The slopes are given in Table 1. 

If Th(NO& is considered to be the neutral species, 
and Th(N0,); and Th(NO,)i- the anionic species, 
Th(NO,& existing predominantly,‘4 then if the re- 

Table 1. Slopes of plots of log D us. log[Hyamine 
16221 for extraction of Tb(IV) from HNO, 

IHN$a 
[Hn] B 0.05M [Hn] > 0.05M 

3.2 1.2 1.9 
5.3 1.3 2.0 
8.6 1.2 1.6 

agent species is RsR’N+ .NO; at lower acidities and 
the adduct R$‘N+ .NO; - HNO, at higher acid con- 
centrations, analogous to Aliquat 336, the extraction 
mechanism may be expressed as follows. 
(a) For [Hn] < 0.05M: 

(i) at lower acidities (<5M) 

Th(NO& + R,R’N + . NOqoI 

= (W’N + UWNOJS,, (1) 

(ii) at higher acidities 

Th(NO,)& + R,R’N + . NO; . HN03<0t 

= (R,R’N + )Th(NO& + 3NOcaj + H& (2) 

(b) For [Hn] > 0.05M: 

(i) at lower acidities (<5M) 

Th(NO&,, + 2R,R’N + . NOG~,, 
=(R,R’N+ ),Th(NO,)& (3) 

(ii) at higher acidities 

Th(NO,)& + 2R,R’N + . NO; . HNOjcO) 
+ (RR’N + ),Th(NO&, + 4NO,,, + 2H,$ (4) 

in which (a) and (0) represent the aqueous and 
organic phases respectively. 

The stoichiometries proposed for the extracted 
species are also supported by analyses of the organic 
extracts. The organic solutions, saturated with 
thorium, gave a molar ratio of Th:NO; of about 1:5 
and 1:6 at 0.01 and O.lM Hn concentration re- 

Table 2. Separation factors for various metal ions with 
respect to Th(IV) extracted into O.lM Hn in dichloroethane 

from 0.25M HN0,/2M NaNO, 

Ion Concentration, M S 

WVI) 10-Z 20.6 

Pa(v) C.F. 68.3 
Zr(IV) 6 x 1O-2 3.1 x lo4 
Hf(IV) 8 x 1O-4 7.3 x lo4 
Fe(W) 10-S 2.5 x lo4 
Al(W) 10-Z 7.3 x 104 
Ga(III) 10-Z 3.7 x 104 
In(II1) 1.6 x 1O-2 5% 10’ 
Cr(II1) 10-Z 3.7 x 104 
Ce(III) C.F. 4x 10’ 
La(II1) C.F. 6x 10’ 
Eu(II1) 10-2 1.8 x 10’ 
Y(II1) C.F. 4.5 x 10’ 
Co(U) IO-2 1.2 x 104 

Zn(I1) 10-Z 3.6 x lo4 

WII) 10-Z 7.3 x 104 

C.F. Carrier-free. 
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spectively, thus confirming the maximum loading and arated. The aqueous phase is extracted twice more 
slope-analysis data, and also justifying postulation of with fresh organic phase. Thorium is then stripped 
the penta and hexanitrato-complexes as the species from the combined organic phases by shaking with 
extracted. two portions of O.lM sulphuric acid (each equal to 

Extraction time 
the organic phase in volume). Thorium in the back- 
extract is then determined complexometrically with 

With optimum extraction conditions (0.2% Xylenol Orange as indicator (recovery is 99.0 + 
HN0,/2M NaNO,, O.lM Hn in dichloroethane), the 1.0%). The separation from tervalent Ce, La, Eu and 
equilibrium period was varied between 1 and 30 min. Y is shown by y-spectrometry to be practically 
It was found that the optimum duration was 10 min. complete. 
However, to ensure complete equilibration, 20 min 
shaking time was used in further work. 

Stripping of thorium 

Thorium extracted into the organic phase from 
0.25M HNO,/ZM NaNO, solution with O.lM Hn, 
may be readily stripped with dilute sulphuric or 
hydrochloric acid. Shaking the extract for 10 min 
with O.lM sulphuric acid quantitatively strips the 
thorium. 

1. 

2. 
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Extraction of Metal Comulexes, v. 751. Wilev- 
Interscience, London, 1969. - _ 
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Extraction of Metal;, pp. 206, 207. Van Nostrand 
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M. L. Good, S. L. Srivastava and F. F. Holland, Jr., 
Anal. Chim. Acta, 1964, 31, 534. 
A. M. Wilson, L. Churchill, K. Kiluk and P. Hovsepian, 
Anal. Chem.. 1962. 34, 203. 

Effect of diverse ions 

Table 2 shows the separation factors for various 
metal ions from thorium. The higher extractability of 
thorium, compared to those of rare earths, Zr(IV), 
Hf(IV), Be(I1) etc., affords a useful approach to 

3. 

4. 

5. 

6. 

I. 

8. 

I. S. El-Yam&, M. Y: Farah and F. A. Abd El-Aleim, 
Talanta, 1978, 25, 714. 
T. Ishimori, K. Watanabe and E. Nakamura, Bull. 
Chem. Sot. Japan, 1960, 33, 636. 
I. S. El-Yamani, M. Y. Farah and F. A. Abel El-Aleim, 
J. Radioanal. Chem., 1978, 45, 125. 
F. J. Welcher, The Analytical Uses of Ethylene- 

separating thorium from rare earths processed from diaminetetraacetic Acid, p. 168. Van Nostrand, New 
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Summary-Indium can be quantitatively separated from a large number of elements which are usually 
associated with it, by extraction with 15% tributyl phosphate solution in kerosene from hydrochloric acid 
(pH 1)/0.5M potassium thiocyanate medium and stripping with 6M nitric acid. The equilibration takes 
20 min. 

The importance of indium and its alloys in nuclear 
reactors [as indicators, control rods, fuel (e.g., In-Pu 
alloy) or cladding (Zr-In alloy), etc.]lJ is increasing 
with recent progress in nuclear reactor technology. 
Attention has been focused, in the last few decades, 
on the use of tributyl phosphate for analytical and 
hydrometallurgical aspects of refining nuclear materi- 
als. Although tributyl phosphate has been used for 
extraction of indium from chloride solutions, it has 
only limited applications. 3*4 Since the donor power of 
thiocyanate ions is stronger than that of chloride, it 
might be assumed that indium thiocyanate would be 
more readily extracted than the chloride.’ The extrac- 
tion of americium, iron(II1) and uranium from thio- 
cyanate solutions with tributyl phosphate has been 
summarized and critically reviewed.6 Similarly, De 
and Sen utilized the thiocyanate system for the 
extraction of some transition elements such as co- 
balt(II), copper(I1) and iron(I11) with tributyl phos- 
phate.’ Other workers have made similar studies for 
beryllium,’ aluminium and gallhun Most of the 
work done on the In-SCN-tributyl phosphate system 
was directed only towards stability constant mea- 
surements for indiumcomplexes,9~‘0 and information 
on extractive separation of indium from thiocyanate 
medium is lacking. In the present investigation, 
indium was quantitatively extracted and separated 
from associated elements with tributyl phosphate 
from thiocyanate solutions. 

EXPERIMENTAL 

Reagents 

Tri-n-butyl phosphate (TBP), was purified as reported 
elsewhere.” Odourless kerosene (Misr Petroleum Co.), was 
used as diluent. ‘lgIn was obtained through the (n,?) 
reaction. Other chemicals were of reagent grade. 

A stock solution of indium was prepared by dissolving 
1.84 g of reagent-grade indium metal (99.99% pure) in the 
minimum amount of hydrochloric acid, and making up to 
100 ml with distilled water. The solution was standardized 
complexometrically.‘* 

Recommended procedure 
An aliquot (5 ml) of solution containing about 10 mg of 

indium in hydrochloric acid (PH 1)/0.5M potassium thio- 

cyanate medium, is shaken mechanically for 20 min at room 
temperature (-20”) with an equal volume of 15% TBP 
solution in kerosene. After centrifugation, the two layers are 
separated. Indium is stripped from the loaded organic phase 
by shaking for 10 min with two successive lo-ml portions of 
6M nitric acid, then determined complexometrically in the 
aqueous extract at pH 4 with Xylenol Orange as indicator. 

RESULTS AND DISCUSSION 

Efect of acidity and TBP concentration 

The concentration of hydrochloric acid was varied 
from 0.001 to 1M and that of TBP from 1 to 15% 
(0.04-0.55M). All experiments were done with a fixed 
0.5M concentration of potassium thiocyanate, and 
the distribution ratio, D, was calculated as the ratio 
of activity in the organic to that in the aqueous phase, 
measured with a well-type NaI(T1) y-scintillation 
counter. It was observed (Table 1), that the extraction 
was incomplete with only about 1.5% TBP in any 
acid range, but quantitative with 10-l 5% TBP at pH 
l-3 (no significant difference occurs over this range), 
because at this acidity the chloro-complex has no 
effect on the degree of extraction. At higher acidity, 
there was a decrease in extraction, presumably due to 
competitive complexation by the additional chloride. 
Even with higher TBP concentration, the extraction 
was not quantitative at acidities higher than 0.5A4. It 
was possible to strip the extracted indium into the 
aqueous phase by equilibrating twice, for 10 min, 
with equal volumes of 6M nitric acid. 

Efect of thiocyanate concentration 

The concentration of thiocyanate was varied from 
0.1 to 4M in presence of hydrochloric acid (pH 1); 3% 
and 5% TBP solutions in kerosene were used. The 
results showed that when the concentration of potas- 
sium thiocyanate was 0.1, 0.5, 1, 2 and 4M, the 
corresponding degree of extraction was 31.5, 14.4, 
54.6, 33.3 and 13.0% with 3% TBP and 86.7, 97.2, 
95.7, 84.4 and 83.1% with 5% TBP. Optimum results 
were obtained at about 0.5h4 potassium thiocyanate 
solution. 
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Table 1. Distribution ratio for 9.2 mg of In3+, as a function 
of acidity and TBP concentration (0.5M KSCN) 

Initial Distribution Extraction, 
[TBPI WCll, M ratio, D % 

1% (0.04M) 

1.5% (0.06M) 

2% (0.07M) 

3% (O.llM) 

5% (0.18M) 

10% (0.37M) 

15% (0.55M) 

0.001 
0.01 
0.1 
0.5 
1.0 

0.001 
0.01 
0.1 
0.5 
1.0 

0.001 
0.01 
0.1 
0.5 
1.0 

0.001 
0.01 
0.1 
0.5 
1.0 

0.001 
0.01 
0.1 
0.5 
1.0 

0.001 
0.01 
0.1 
0.5 
1.0 

0.1 
0.5 
1.0 

0.68 40.5 
0.58 36.7 
0.40 28.6 
0.04 3.7 
0.01 1.0 

0.65 39.4 
0.59 37.1 
0.39 28.1 
0.03 3.3 
0.01 0.6 

4.80 82.8 
4.20 80.8 
2.80 73.7 
0.28 21.9 
0.03 2.4 

5.00 83.3 
5.00 83.3 
2.70 73.0 
0.26 20.6 
0.03 2.4 

58.8 98.3 
50.2 98.1 
34.2 97.2 
4.20 80.8 
0.41 29.1 

398 99.8 
345 99.7 
242 99.6 

31.2 96.9 
3.10 75.6 

822 99.9 
88.2 98.9 

7.5 88.2 

Nature of the extracted species 

The variation in the concentration of indium in the 
organic phase as a function of initial aqueous indium 
concentration was examined with 14.5% TBP in 
kerosene. Maximum indium loading values of 0.17 
and 0.18M were obtained at pH 1 and 2, indicating 
that the indium thiocyanate is solvated with three 
TBP molecules. This conclusion is confirmed by the 
linear dependence of log D vs. log [free TBP] at 
various hydrochloric acid (10m4-1.5M) and potas- 
sium thiocyanate (0.1-4M) concentrations, [free 
TBP] being calculated as C,,,-3C,,, where C,,, is the 
total TBP concentration and C,, the indium concen- 
tration in the organic phase. The slopes of plots of the 
function (Table 2) were observed to be independent 
of the acidity and hence only one indium species is 
extracted over the whole acid range. The results also 
indicate the predominant formation of a trisolvate at 
lower thiocyanate concentration (& 2M) and tet- 
rasolvate at higher concentrations ( > 2M). 

Since In(SCN)3 is considered to be the major 
species at lower thiocyanate concentration (6 OSM), 
and In(SCN); or In(SCN):- can exist at higher 
concentrations,iO the extraction mechanism may be 
expressed as follows. 

(i) At lower thiocyanate concentration ( Q 0.5M): 

14; + 3SCN& + 3TBP,,, 

+In(SCN), .3TBP,,, (1) 

where subscripts (a) and (0) denote the aqueous and 
organic phases respectively. 
(ii) At higher thiocyanate concentration 
( > OS-2M): 

In&T + ~SCNG, + H& + 3TBP,, 

+HIn(SCN),. 3TBP,,, (2) 

(iii) At >2M thiocyanate solutions: 

In:; + SSCN- + 2H+ + 4TBP B (a) (a) (0) 

*H, In(SCN), .4TBP,,, (3) 

Period of extraction 

With optimum extraction conditions, the equi- 
librium period was varied between 1 and 50 min. It 
was found that the optimum time is 20 min. 

Eflect of temperature 

The extraction of indium from aqueous solutions 
containing 0.5M potassium thiocyanate, by 14.5% 
TBP in kerosene, at various temperatures (17-52”) 
was examined. The extraction decreases markedly 
with rise of temperature (at 17,21, 31,42 and 52”, the 
distribution ratios were 1600, 1000,625, 304 and 175 
for O.OlM HCI and 240, 142, 73, 28.2 and 13.2 for 
0.5M HCI medium). Since lower temperature favours 
higher D, the extraction process is assumed to be 
exothermic. Extraction at room temperature (N 200) 
is therefore advised. 

Effect of other ions 

Several ions were tested for their effect on the 
extraction of indium. The tolerance limit was calcu- 
lated as described earlier.13 It was observed that alkali 
and alkaline-earth metal ions, Cd’+, Zn’+, A13+, 
C1J+, La3+, Ce3+, Y3+, Eu3+, Nd3+, NO;, SO:-, 
PO:-, tartrate and citrate were tolerated in ratios of 
at least 1OO:l relative to indium. H&+ and Ga3+ 
were tolerated in 5O:l ratio to indium, and Co*+, 
Sn*+ and Pb*+ in 40: 1 ratio. UOi+, Fe3+, Th4+, 
VO, , MOO:-, F- and C,Oz- should be separated 
or masked before indium determination. Indium usu- 

Table 2. Slopes of plots of log D vs. log FBP] at various HCl 
and KSCN concentrations 

W$1*, [KSCNI, t 
Slope. M Slope 

10-4 2.7 0.1 2.7 
10-3-10-Z 2.8 0.5 2.9 
10-l 2.9 1.0 3.0 
0.5 2.9 2.0 2.7 
1.0 2.8 4.0 3.6 
1.5 2.8 

*[KscN] = 0.5M. 
tAt pH 1. 
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ally occurs associated with tin, aluminium, gallium, 
lead, zinc and iron in ores. The present method is 
simple, fairly rapid and selective, with a relative 
standard deviation of f0.8%. It also has the 
advantage of using lower concentrations of TBP and 
thiocyanate and lower pH values, rendering the 
process economically attractive and satisfactory for 
analytical as well as industrial purposes. 
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Summary-The solvent extraction of non-ionic surfactants with sodium hydroxide and tetraphenylborate 
has been studied, and a method developed for the determination of non-ionic surfactants by two-phase 
titration. A hydrophobic indicator system was used. The method is valid only when the concentration of 
anionic surfactant in the sample solution is lower than 1 x 10-4M. 

A mixture of anionic and poly(oxyethylene) non- 
ionic surfactants is widely used is both industrial and 
domestic detergents. It is known that the non-ionic 
surfactant can form spirals which can trap metal ions 
such as potassium’,2 and barium.’ The reaction be- 
tween anions and the complex cation formed by the 
non-ionic surfactant and the metal ions has been 
made the basis for gravimetric,4 spectrophoto- 
metric,‘*2*5 and titrimetric3 methods for determination 
of the non-ionic surfactant. However, it is generally 
difficult to determine total non-ionic surfactants in 
the presence of anionic surfactants because the metal 
ion complexes of the non-ionic surfactants form 
ion-pairs with the anionic surfactants present. 

Two-phase titration is one of the most frequently 
used methods for the determination of ionic surfac- 
tants. This paper presents an indirect method for the 
determination of non-ionic surfactant in the presence 
of anionic surfactant by two-phase titration. 

EXPERIMENTAL 

Reagents 

The non-ionic surfactants used were Triton X-100, Triton 
X-405 (Rohm & Haas Company), polyethylene glycol 
mono-p-iso-octylphenyl ether (Wake Pure Chemical Ind., 
and Nakarai Chemicals Ltd.), polyoxyethylene lauryl 
alcohol ether, and polyoxyethylene sorbitan monopalmitate 
(Nakarai Chemicals Ltd.). The number-average degree of 
polymerization of the surfactants used is 8-12, except for 
Triton X-405 (for which it is 40). The surfactants, Zephir- 
amine (tetradecyldimethylbenzylammonium chloride), and 
sodium tetraphenylborate were dried at 80” and dissolved in 
water. Victoria Blue B (Colour Index 44045, C&H,,N,Cl) 
was dissolved in ethanol to make a 0.01% solution; it was 
used as an indicator. A pH-9.0 buffer solution was prepared 
by adding 6M sodium hydroxide to 0.3M sodium dihydro- 
gen phosphate/O.O5M sodium borate solution. 

To 10 ml of a mixture of a non-ionic and an anionic 
surfactant (non-ionics, 2-0.2 mg/lO ml; anionics, less than 
1 x 10e4M) in a separatory funnel, add 2 ml of 6M sodium 
hydroxide and 5 ml of 2 x 10e3M sodium tetraphenyl- 
borate, and shake the solution vigorously with 10 ml of 
1,2-dichloroethane. After separation of the layers, run off 
the extract into a glass tube through a filter paper to remove 

droplets of water. Place a 5-ml portion of the extract in a 
200-ml Erlenmeyer flask, and add 5 ml of buffer solution 
and 2 drops of indicator. Titrate the mixture with 
2 x 10e4it4 Zephiramine with vigorous shaking after each 
addition, until there is a colour change from blue (!,, 615 
nm) to red (A,, 505 nm) in the organic phase. Tttrate a 
reagent blank prepared in the same way (titre ca. 0.6 ml). 
One mg of non-ionic surfactant requires cu. 5.1 ml of 
2 x 10e4M titrant, irrespective of the anionic surfactant 
present. 

RESULTS AND DISCUSSION 

It is reported that a 1Zunit ethylene oxide polymer 

combines with one barium ion regardless of the kind 
of alkyl or alkylaryl groups in the non-ionic surfac- 
tanL3 The non-ionic surfactant can also trap sodium 
ions in its spirals and be extracted into dichloro- 
ethane from 0.2-2M sodium hydroxide, as an ion- 
pair with tetraphenylborate, but any anionic surfac- 
tant in the mixture is not extracted. A blank titration 
is necessary because tetraphenylborate is slightly 
extracted even in the absence of non-ionic surfactant. 
The extracted non-ionic surfactant-sodium-tetra- 
phenylborate complex is decomposed by the Zephir- 
amine used as titrant and the Zephiramine-tetra- 
phenylborate ion-pair is formed in the organic phase. 
The blue indicator-tetraphenylborate complex in the 
extracts reacts with excess of titrant to form the free 
indicator (red) at the end-point. The aqueous phase 
remains colourless throughout the titration, because 
of the insolubility of Victoria Blue B in alkaline 
water. This is a hydrophobic indicator system,6 
though a dye-transfer method is usually used in 
two-phase titrations. 

The volume of titrant required is proportional to 
the amount of non-ionic surfactant present in the 
sample solution, indicating that the non-ionic surfac- 
tant is stoichiometrically extracted. The volumes of 
2 x 10v4M Zephiramine needed for 1 mg of non- 
ionic surfactant were found to be: Triton X-100, 
5-5.1 ml (mean of 10 titrations was 5.06 ml, standard 
deviation 0.04 ml); Triton X-405, 5.1-5.2 ml; poly- 
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ethylene glycol mono-p-iso-octylphenyl ether, 4.8-4.9 
ml; polyoxyethylene lauryl alcohol ether, 5.2-5.3 ml; 
polyoxyethylene sorbitan monopalmitate, 5.1-5.2 ml. 
The volumes vary slightly with the products and type 
of surfactant, but it seems that in general the volume 
needed for the same weight of non-ionic surfactant is 
almost constant, about 5.1 ml of 2 x 10b4M Zephir- 
amine per mg of non-ionic surfactant. It is reasonable 
to consider that the hydrophile-lipophile balance 
values of the surfactants used are similar, making the 
method usable for a range of surfactants. 

If less than 2 ml of 2 x lo-‘M tetraphenylborate 
is added, the titrant volume needed decreases slightly. 
Variation of the pH between 8.5 and 9.5 does not 
affect the results. Chloroform cannot be used as the 
organic solvent, since it does not give a sharp end- 
point. If methyl isobutyl ketone is used as the organic 
solvent, the sodium salts of the anionic surfactants 
are extracted as well as the non-ionic surfactants. 

The following species do not interfere at the lo-‘A4 
level: K+ , NH:, Ca*+ , Cl-, SO:- and triethanol- 
amine. However, high concentrations ( > 10e2M) of 
potassium and ammonium ions give tetraphenyl- 
borate precipitates, causing negative errors. Anionic 
surfactants (1 x 10W4M) such as dodecylsulphate, 
dodecylbenzenesulphonate, and bis(2-ethylhexyl)- 
sulphosuccinate do not disturb the determination, 
but separation of the two layers is poor when the 
concentration of these anionic surfactants is 
22 x 10P4M. The recommended procedure is based 
on these results. 

Application to commercial detergents 

The number-average degree of polymerization of 
the commercial non-ionic surfactants is mainly 8-l 3. 

A commercial detergent for wool was diluted with 
water, and the anionic surfactant was first titrated as 
follows. To 10 ml of the sample solution were added 
5 ml of buffer solution (pH 9), 2 drops of Victoria 
Blue B indicator, and 4 ml of 1,Zdichloroethane. The 
mixture was titrated with 2 x 10m4M Zephiramine 
with vigorous shaking after each addition, until a 
colour change from blue to red took place in the 
organic phase. A blank titration was not necessary. 
The titrant volume corresponded to the anionic sur- 
factant present, irrespective of the non-ionic surfac- 
tant present, this was verified with sodium dodecyl- 
sulphate, dodecylbenzenesulphonate, and bis(Zethyl- 
hexyl)sulphosuccinate. 

A second aliquot of sample solution was diluted 
with water to reduce the concentration of anionic 
surfactant to 1 x 10e4M or less, and the non-ionic 
surfactant was then determined by the recommended 
procedure. The result found was 0.25M anionic 
surfactant and 0.13 g/ml non-ionic surfactant in the 
detergent. A recovery test was done by adding 0.52 
mg of Triton X-100 to the 2500-fold diluted deter- 
gent, and 0.50 mg was found. 
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Summary-A calorimetric method for the determination of five cephalosporins (cefoxitin sodium, 
cefotaxime sodium, cephapirin sodium, cephalothin sodium and cephaloridine), based on the blue colour 
formed by reaction of the cephalosporins with ammonium molybdate, is described. The effects of reagent 
concentration and reaction conditions are discussed. The proposed method has been applied to the 
analysis of cephalosporin injections, the results of which are in good agreement with those obtained by 
the official method of the British Pharmacopoeia. 

Cephalosporins have been determined iodometrically 
after hydrolysis of the p-lactam ring,‘** and 
titrimetrically with N-bromosuccinimide3 or potas- 
sium iodate4. Cephalosporins have also been deter- 
mined spectrophotometrically after treatment with 
hydroxylamine-nickel reagents and after preliminary 
acid hydrolysis.6 Cephapirin has been assayed spec- 
trophotometrically after degradation under con- 
trolled conditions.’ An air-segmented continuous- 
flow spectrophotometric method has been utilized for 
the determination of cephalosporins.s In addition, the 
use of high-pressure liquid chromatography,9v’0 and 
fluorimetric”~‘* and polarographic’3*‘4 methods of 
analysis have been reported. 

The aim of the present work was to develop a 
simple and accurate quantitative method for deter- 
mining cephalosporins, with ammonium molybdate 

as reagent. This procedure has been applied to a wide 
variety of cephalosporins (for structures see Table 1) 
in pure form and in injections. The reaction product 
is presumably an isopoly molybdenum blue. 

EXPERIMENTAL 

Apparatus 

A Perkin-Ehner Model 550 S spectrophotometer with 
matched l.OO-cm quartz cells was used for absorbance 
measurements. 

Reagents 

Ammonium molybdate solution, 1.5%. 
Sulphuric acid, OSM. 
Cephalosporin solutions, 0.2 mg/ml, freshly prepared in 

water. Laboratory reference standards were used for cali- 
bration. A sample of cefoxitin was provided by Merck 
Sharp and Dohme (UK), of cefotaxime by Hoechst Orient 
Laboratories (Egypt), of ccphapirin by Bristol Laboratories 

Table 1. Structures of cephalosporins 
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0.9 
t 

Table 2. Optical characteristics, accuracy and precision (10 replicates) 

Molar Coefficient 
absorptivity, of variation, 

Cephalosporin i -, nm I.mole-‘.cm-’ % 

Cefoxitin sodium 684-696 7.1 x 103 0.4 
Cefotaxime sodium 686-697 5.9 x 103 0.1 
Cephapirin sodium 692-708 5.2 x 10) 0.2 
Cephalothin sodium 684-694 4.8 x 103 0.2 
Cephaloridine 684-695 4.3 x 10’ 0.5 

600 640 660 720 760 800 

Wavelength (nm) 

Fig. 1. Absorption spectra of the coloured products from: 
A, cefoxitin sodium; B, cefotaxime sodium; C, cephapirin 
sodium; D, cephalothin sodium; and E, cephaloridine. 

[Cephalosporin] = 50 pg/ml in each instance. 

(U.S.A.) and samples of other cephalosporins by Lilly 
Research Centre Ltd. (U.S.A.). 

All chemicals and reagents used were of analytical- 
reagent or pharmaceutical grade. Distilled water was used 
throughout. 

General procedure and preparation of calibration graph 

Transfer 5 ml of an aqueous solution containing from 0.2 
to 1.0 mg of the sample into a test-tube. Add 1 ml of 
ammonium molybdate solution and 1 ml of 0.5M sulphuric 
acid. Prepare a corresponding blank solution with 5 ml of 
water. Mix well and heat the solutions in a boiling water- 
bath for 30 min. Cool and transfer into a lo-ml standard 
flask and dilute to volume with water. Measure the absorb- 
ance of the blue colour at Iz,, for the drug (Table 2). 
Prepare a calibration graph of absorbance us. concentration 
of the reference cephalosporin. 

For injecrions. Mix the powder from a vial, and accurately 
weigh a portion equivalent to about 10 mg of the drug and 
dissolve it in water. Dilute with water to volume in a lOO-ml 
standard flask. Transfer 5 ml of this solution into a test-tube 
and complete the assay as described above. 

0.9 

t 

0.6 

0.1 

t 

0.0 1 ’ I I 1 I 

0.5 1.0 1.5 2.0 2.5 

Concentration of 1.0 ml ammonium molybdote 

solution added (%w /v) 

Fig. 2. Effect of ammonium molybdate concentration on the 
absorbance at J_ of the coloured products from: 0-O 
cefoxitin sodium; x - x cefotaxime sodium; 0-O ceph- 
apirin sodium; &--A cephalothin sodium; and D---O 
cephaloridine. [Cephalosporin] = 50 pg/ml in each instance. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the reaction products in 

the range 600-800 nm are shown in Fig. 1. Cepha- 
losporins and ammonium molybdate all have negli- 
gible absorbance at and near the 1,,, regions. 

Beer’s law is obeyed over the concentration range 
20-100 pg/ml. The molar absorptivities are given in 
Table 2. The coefficient of variation was less than 
0.4%. 

Choice of analytical conditions 

A sulphuric acid concentration of about OSM is 

optimal (Table 3). Use of 1 ml of 1.5-2.5% ammo- 

IWMW 

0.00 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 
1.75 
2.00 

Table 3. Influence of acidity on the absorbance 

Absorbance at &a 
Cefoxitin Cefotaxime Cephapirin Cephalothin 
sodium sodium sodium sodium Cephaloridine 

0.160 0.140 0.130 0.120 0.110 
0.500 0.450 0.380 0.400 0.370 
0.800 0.624 0.586 0.585 0.520 
0.770 0.595 0.566 0.560 0.505 
0.710 0.530 0.516 0.520 0.492 
0.410 0.380 0.367 0.366 0.350 
0.280 0.240 0.215 0.242 0.230 
0.200 0.198 0.190 0.187 0.180 
0.040 0.032 0.027 0.026 0.020 
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Table 4. Results for determination of cephalosporins in pure form and in injections 

Found* f s.d.,“/. 

Proposed BP 
Cephalosporin method method &alc.t F&S 
Cefoxitin sodium 100.4 f 0.4 - - - 

powder 
Mefoxin 101.3 f 0.4 - - - 

injection (MSD) 
Cefotaxime sodium 99.7 f 0.1 - - - 

powder 
Claforan 101.6 f 0.3 - - - 

injection (Hoechst) 
Cephapirin sodium 99.8 f 0.2 - - - 

powder 
Cephatrexyl 100.5 f 0.1 - - - 

injection (Bristol) 
Cephalothin sodium 99.7 & 0.2 99.9 * 0.3 1.6 1.5 

powder 
Kefin 101.0 f 0.4 101.2 f 0.4 1.3 1.2 

injection (Lilly) 
Cephaloridine 100.7 & 0.3 100.9 f 0.4 1.4 1.6 

powder 
Keflodin 101.1 + 0.5 101.3 f 0.5 1.1 1.0 

injection (Lilly) 

*Average of ten determinations, referred to nominal content. 
TCritical value 2.1 (p = 0.05). 
tCritica1 value 3.2 (p = 0.05). 
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tween the two sets of results. However, the 
molybdenum blue is simpler and faster than the BP 
method (but is not stability-indicating). 

Interferences 

The possibility of interference by other constituents 
in injections cannot be overlooked. In the deter- 
mination of cephalosporins in capsules, the excipients 
usually added, such as starch, lactose and glucose, 
interfere in the analysis by the proposed method. 
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Summary-A@aqqhicmethodisprqosedforthedPtPrminatinnoftracezucomumdnwntothe 
5 x 10e9M level, based on the adsorption of the complex of zirconium with oxalic acid + cupferron + 
diphenylguanidine at the dropping mercury electrode in sodium acetate-acetic acid solution @H 5.7). 
Under optimum conditions the wave-height is proportional to the concentration of zirconium in the range 
from 0 to 0.4 fig/ml. The serious interference from titanium(W) can be effectively eliminated by solvent 
extraction with 3% tri-n-octylamine from IN sulphuric acid and stripping with O.lM perchloric acid-l&f 
hydrochloric acid-2M nitric acid mixture. The mechanism giving rise to the wave for the zirconium 
complex has been investigated. The method has been applied to the determination of trace zirconium in 
ores-and ceramics. - 

The polarographic determination of zirconium has 
been little used, especially for analysis of ores. Bud- 
nikov et al.’ have examined the polarographic wave 
of the zirconium-4(2-pyridylazo)-resorcinol complex 
at pH 1.8-2.0 in ammonium chloride supporting 
electrolyte, but the sensitivity was low (the deter- 
mination limit was 2 pg/ml) and the polarographic 
wave was poor. 

More recently Yao Xiu-ren et al.= have suggested 
that the zirconium-cupferron-diphenylguanidine 
complex can produce a more sensitive oscillopolaro- 
graphic wave in ammonium chloride supporting elec- 
trolyte, but it is difficult to find an optimum linear 
range for the determination of zirconium. However, 
this reaction at the dropping mercury electrode is so 
sensitive that we have tried to find supporting electro- 
lytes that would improve the determination. We have 
found that a well-defined high-sensitivity peak for the 
zirconium-cupferron-diphenylguanidine complex 
can be obtained at a potential of about - 1.02 V 
(us. SCE) in sodium acetate-acetic acid buffer (pH 
5.56.0), but the peak rapidly disappears. Therefore 
a stabilizing agent was sought and oxalic acid was 
found to give the best effect. 

The effect of some potentially interfering ions, 
temperature, time and the height of the mercury 
column on the peak current has been investigated. 
The advantages of the proposed method are its 
simplicity, high sensitivity, good selectivity and re- 
producibility. 

Apparatus 

EXPERIMENTAL 

A Cheng Dou JP-IA single-sweep polarograph with a 
three-electrode system [a dropping mercury electrode 

(DME) as cathode, an SCE as reference and a platinum 
electrode as auxiliary] and a Czechoslovak LP-60 d.c. 
polarograph were used. 

Reagents 

Unless otherwise mentioned, all reagents used were of 
analytical reagent grade. 

&fir solution. Sodium acetate (3.&W)-acetic acid 
(0.35M), pH 5.7. 

Oxalic acid dihydrate solution, 1%. 
Cupferron solution, 0.07%. If protected from light, this 

can be used for up to 15 days. 
DiphenylguanidGe solution, 0.04%. The base was dis- 

solved with a few drops of 6M hydrochloric acid. then 
diluted with water. 

Tri-n-octylamine (TNOA) solution, 3% v/v in benzene. 
Standard zirconium solution (74 pgglml). A stock solution 

containing 74 pg of zirconium per ml (ZrG, 100 pg/ml) is 
prepared by heating 0.1000 g of zirconium oxide in a 
platinum crucible with 10 drops of concentrated sulphuric 
acid and 5-7 ml of concentrated hydrofluoric acid until 
fumes of sulphur trioxide appear, cooling, washing down 
the crucible wall with a little water, again evaporating to 
fumes, and repeating this step, then finally dissolving the 
residue in 2M hydrochloric acid and diluting to 1 litre with 
the same acid. The solution is finally diluted to give a 
working solution in 0.6M hydrochloric acid, containing 1.48 
pg of Zr per ml (2 pg of ZrO, per ml). 

Recommended procedure 

Transfer various amounts of zirconium standard solution 
into 50-ml beakers. Add 0.2 ml of perchloric acid (1 + 1), 
evaporate to fumes, and cool. Add 15 ml of buffer solution, 
3 ml of oxalic acid solution, 1 ml of cupferron solution and 
1 ml of diphenylguanidine solution and mix. Measure the 
height of the oscillographic peak at a potential of - 1.02 V 
vs. SCE (Fig. 1). 

Determination of zirconium in ores 

A 0.1000 or 0.2000 g sample is fused in an alumina 
crucible with 2-3 g of sodium peroxide at 650-700”, and the 
cooled melt is leached with about 100 ml of water. Then 20 
mg of magnesium oxide (as carrier) are added, followed by 
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Fig. 1. Oscillographic peak d Zr complex at the dropping 
mercury electrode. Peak potential about - 1.02 V. Scan-rate 
0.25 V/set. Zr concentration, ,ug/ml; 1, 0.0; 2, 0.0185; 3, 

0.037; 4, 0.074; 5, 0.111; 6, 0.185. 

10 ml of 50% triethanolamine solution, and’the solution is 
boiled. After cooling, the precipitate is filtered off and 
washed twice with 1% sodium hydroxide solution and then 
with water. The precipitate is dissolved with hot 1N sul- 
phuric acid, the solution being collected in a 50-ml standard 
flask and diluted to volume with 1N sulphuric acid. Then a 
lo-ml aliquot of this solution is transferred into a 60-ml 
separatory-funnel, and shaken for 1 min with 10 ml of 3% 
TNOA solution in benzene. The aqueous phase is removed, 
and the organic phase washed with 3-5 ml of 1 N sulphuric 
acid. Then the organic phase is shaken for 1 min with 10 ml 
of O.lM HClOJlM HCI/ZM HNO, mixture to back-extract 
the zirconium. After phase separation the aqueous phase is 
transferred into a 50-ml beaker and evaporated to fumes of 
perchloric acid. The residue is cooled and the zirconium is 
determined as described in the recommended procedure. 

RESULTS AND DISCUSSION 

Choice of supporting electrolyte and reagents 

Eflect ofpH. Figure 2 shows the effect of pH on the 
peak height. A pH of 5.7 was chosen, since it gives 
a pH tolerance of about f0.2, and good sensitivity. 
The concentration for the buffer was selected as the 
middle of the range that gave maximum peak height 
(Table I). 

Eflect ofoxalic acid. The peak was stabilized by the 
addition of oxalic acid to the mixture. A concen- 
tration of 1.2 x lo-‘M was found to be optimal. 

Efict of cupferron. The presence of a certain 
amount of cupferron is very important for prod- 

I I 1 

50 6.0 70 

PH 

Fig. 2. Effect of pH on the peak-height. 

uction of the peak. A concentration of 2.2 x 10-4&f 
was found to be optimal with regard to sensitivity 
and stability. 

Effect of diphenylguanidine. The presence of the 
base up to a certain concentration increases the peak 
height remarkably, but the peak height is essentially 
constant when the diphenylguanidine concentration 
is between 8.3 x 10e5 and 2.0 x 1O-4M. A concen- 
tration of 1.0 x 10m4M is selected. 

Under the optimum conditions, the calibration 
graph is linear over the range from 0 to 4 ,ug of Zr 
per ml, and the peak heights remain stable for 3 hr. 

Interferences and their elimination 

The influence of more than 30 ions was in- 
vestigated. Tolerance limits for some cations in the 
determination of 4 pg of Zr are given in Table 2. 
Hydrochloric, sulphuric, perchloric and nitric acids 
and their anions do not interfere when present in 
0.05M concentration (or even more), but more than 
about 3 mg of phosphoric acid increases the peak- 
height slightly. Ascorbic acid and triethanolamine do 
not interfere. 

Hafnium gives a polarographic peak, but at the 
same potential the peak-height is only 10% of that of 
the zirconium peak, for equal weights of Hf and Zr. 

The main interferences are from iron, titanium and 
fluoride ions, but zirconium can be separated from 
iron and fluoride by co-precipitation in alkaline 
solution with magnesium oxide in the presence of 
triethanolamine, and from titanium by extraction 
with tri-n-octylamine. 

Table 1. Effect of buffer concentration 

Sodium acetate, Acetic acid, Peak height, 
M M ti 
4.0 0.40 2.40 
3.5 0.35 2.40 
3.0 0.30 2.40 
2.5 0.25 2.34 
2.0 0.20 1.86 
1.5 0.15 1.26 
1.0 0.10 1.02 
0.5 0.05 0.20 
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Table 2. Interference of various ions in determination of Zr 
at the 0.3 pg/ml level in 20 ml of supporting electrolyte 

Tolerance Tolerance 
Ion limit, pg Ion limit, pg 

Ca*+ 7000 A;$I) 50 
Mg*+ 5000 50 
Al’+ 1000 50 
Mn*+ 1000 

S;W&’ 
50 

Ni*+ 500 WV) 50 

$1 
300 30 
300 7;‘: 30 

Zn*+ 300 WV) 30 
Sb(III) 100 Lanthanide’+ 20 
S;$’ 100 Th“+ 20 

50 WV) 10 
Cd*+ 50 Te(IV) 10 

0 
11.5 

04 0.6 0.8 1.0 12 

-E(V) 

Zirconium has been extracted with tri-n- 
octylamine from 11M hydrochloric acid3 and sepa- 
rated by paper chromatography with sulphuric acid 
as eluent, but the separation from titanium by these 
methods is not satisfactory. 

Fig. 3. Electrocapillary curves. Mercury column height 
53 cm, temperature ll”, Zr 4.66 x 10e8M. I, sodium 
a&ate/acetic acid buffer; II, buffer plus cupferron; III, 
buffer $ cupferron + oxalic acid + Zr + diphenylguanidine. 

It has been found that zirconium can be quan- 
titatively extracted from OS-1.5N sulphuric acid by 
tri-n-octylamine (TNOA) and that titanium is not 
extracted. The mechanism of the extraction is 

reaction with adsorption, and is clearly larger than 
that for a diffusion-controlled process. The peak- 
heights do not change in the range 2545” and a 
negative temperature coefficient appears at tem- 
peratures above 45”. 

[R, NH + 12, SO:&, + DWW- 1~ 

tR3 NH + 12. ZrOW&,& + W& 

where R = CH2(CH&CH3. Obviously, the equi- 
librium is shifted to the left by increase in sulphuric 
acid concentration, and 1 N sulphuric acid is consid- 
ered optimal for the extraction. Because hydrochloric 
acid and perchloric acid have a considerable effect on 
the paper chromatography of zirconium with sul- 
phuric acid as eluent, these acids, separately and in 
combination, were tested as stripping agents. Nitric 
acid was also tested, and a combination of 0.W 
HClO,/lM HC1/2M HN03 was found empirically to 
give the best back-extraction. By means of this ex- 
traction system, 10 mg of Fe(II1) and 2 mg of Ti(IV) 
can be eliminated efficiently. Hafnium accompanies 
the zirconium quantitatively. 

(iii) The electrocapillary curves shown in Fig. 3 
indicate strong adsorption of the zirconium complex 
at a potential of about - 1.02 V, corresponding to the 
oscillographic peak. 

(iv) Adsorption was confirmed by the fact that a 
log-log plot of current vs. time had a slope greater 
than unity (1.125). 

It is concluded that the zirconium peak is due to 
adsorption of the zirconium complex, with the cup- 
ferron component preferentially adsorbed on the 
surface of the mercury drop. 

The composition of the product has been shown to 
be 1: 2: 1: 1 Zr(IV)-oxalic acid-cupferron-diphenyl- 
guanidine, by the isomolar continuous-variations and 
slope-ratio methods. Ion-exchange tests show that 
the product is anionic and we conclude that its 
structure is 

Nature of the zirconium wave 

No wave is observed for a solution of oxalic and 
diphenylguanidine at the peak potential of - 1.02 V 
(VS. SCE) in the absence of zirconium and cupferron. 
On the basis of the following observations it is 
considered that the four components form a mixed- 
ligand complex, which is adsorbed on the mercury 
drop. 

o--c’ 
OH 

(i) The relationship between the height of the 
mercury column and the peak-height corresponds to 
the formula for an adsorption current:5 

o=c 
\ 

OH 

Z, = kh Analysis of ores 

(ii) The relative temperature coefficient of the The results shown in Table 3 are in good agreement 
peak-height for zirconium is +4.7%/deg over the with those obtained by the X-ray fluorescence (XRF) 
range &20”. This value corresponds to an electrode method and with the certified values. 
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Present 

Zr% Pgg/g 
XRF Certified 1. 

Sample method method value 

1 315, 309 282 313 2. 

2 471, 452 428 462 
3 211,222 193 221 3. 

4 178, 185 169 190 
4. 

5 162, 168 152 170 5. 

6 206. 198 204 217 

G. K. Budnikov, V. N. Maistrenko and V. F. Tor- 
opova, Zavodsk. Lab., 1976, 42, 5 12. 
Yao Xiu-ren, Zhou Jixing and Yin Ming, Fen Hsi Hua 
Hsueh, 1981, 9, 22. 
E. Cerrai and C. Testa, Anal. Chim. Acta, 1962, 26, 204. 
Zhuang Wen De, Fen Hsi Hua Hsueh, 1975, 3, 204. 
Gao Xiao and Yao Xiu-ren, The Polarographic Catalyst 
Wave of the Platinum Family Elements, pp. 97-105. 
Chinese Scientific Publishing Co., 1972. 
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Summary-The reaction of N-chlorosuceinimide with indole and few of its derivatives in acid medium 
has been studied. The purified products have been identified by TLC, elemental analysis and infrared 
studies, and a reaction mechanism is proposed on the basis of the results. The reaction proceeds smoothly 
and consistently, and can be used for microdetermination of indole and its derivatives. 

The indole ring is found in many naturally occurring 
compounds, and recently some synthetic indole deriv- 
atives have been reported to possess antiparkinsonian 
activity.‘-’ Numerous methods have been proposed 
for titrimetric determination of indole and its deriva- 
tives, mainly based on use of brominating agents such 
as bromine,4 N-bromoacetamide,s N-bromosuccin- 
inride and bromine monochloride.’ Decomposition 
of the reagents and loss of bromine during the 
reaction are the chief disadvantages of these methods.* 
Spectrophotometric,*s9 polarographic,‘O gaschroma- 
tographic” and fluorimetric” methods have also been 
described. We have found that N-chlorosuccinimide, 
which is much more stable than N-bromosuccinimide 
or N-bromoacetamide,‘3 can conveniently be used for 
determination of indoles. 

EXPERIMENTAL 

Reagent 

N-Chlorosuccinimide solution, O.OZM. Dissolve 0.2670 g 
of N-chlorosuccinimide in the minimum amount of warm 
distilled water. Dilute to 100 ml with cold water and 
standardize iodometrically.t4 

The reaction product was isolated by dissolving 100 mg 
of indole in about 25 ml of glacial acetic acid, slowly adding 
0.W N-chlorosuccinimide with constant stirring till a 
permanent brown colour persisted, letting stand for 4 hr, 
filtering off the brown product, washing it with water and 
air-drying it. The dried compound was recrystallized from 
chloroform to yield shining brown needles (m.p. 197”). 
Thin-layer chromatography of this compound on silica gel 
G with chloroform-96% acetic acid (955 v/v) showed a 
single spot. Analysis showed the presence of 2 atoms of 
chlorine in the product molecule. The infrared spectrum 
revealed intense absorption bands for C==O (1630 cm-‘) and 
C-cl (730 cm-‘). 

The products from indole derivatives gave similar results 
except for carbazole, for which the product molecule still 
contained two chlorine atoms but had no CL0 absorption 
band in its infrared spectrum. 

General procedure 

Take an accurately weighed sample (2-8 mg) in a lOO-ml 
iodine flask (an aliquot of solution containing 2-8 mg of the 

*To whom correspondence should be addressed. 

indole can also be used). Add 2 ml of glacial acetic acid and 
15 ml of 0.02J N-chlorosuccinimide, stopper the flask and 
shake it well. Let stand for 25 min at room temperature, 
then add 5 ml of 5% potassium iodide solution and titrate 
the liberated iodine with 0.04~ sodium thiosulohate. using 
2% starch as indicator. Run a blank with the &me volume 
of Nchlorosuccinimide under identical conditions. 

The amount of indole compound (mg) is MW(B-A)/2n 
where B and A are the volumes (ml) of thiosulphate 
(molarity M) needed for the blank and sample respectively, 
and n is the molar reacting ratio of N-chlorosuccinimide to 
sample compound (of molecular weight W). 

RESULTS AND DISCUSSION 

N-Chlorosuccinimide is a mild oxidizing and 
chlorinating reagent. It has been suggestedI that 
the reactive species of N-chlorosuccinimide (NCS) 
is the protonated molecule NCSH + , which gives rise 
to the electrophilic chloronium ion: 

NCSH + -+ succinimide + Cl + 

Investigation of the reaction stoichiometry by 
application of the method to samples of known 
purity showed that the reacting ratio was three moles 
of N-chlorosuccinimide per mole of indole com- 
pound, except for carbazole, for which the ratio was 
only 2: 1. 

The II -electron densitiesI on the indole nucleus are 
shown below and indicate that position 3 is the most 
susceptible to electrophilic attack. If, however, posi- 
tion 3 is already occupied, position 2 is preferentially 
attacked by electrophiles, and then position 5. 

Scheme la. 

On the basis of the observed stoichiometry, 
chlorine content of the reaction products, and the 
infrared spectra, the reaction can be explained as 

642 
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NCSH+ 

tautomerizes NCSH+ CL 
* 

, 
Ix P PT (3,5-dichloroxbndole) 

Scheme lb 

xIT (3,5-dichloroxandole denvafive) 

Scheme 2 

1.002 1.002 

,y;;:&JQ;,;J4 ZNCSH+ cl)-Q---&L 

1.015 H 1.015 H 

XnI n 

Scheme 3 

given in Schemes 1 (for indole) and 2 (for indole 
3-derivatives except carbazole). 

In the case of indole, electrophilic substitution of 
chlorine atoms takes place first at position 3, and then 
at position 2. The chlorine atom at position 2 is the 
more likely to be hydrolysed, and this is in keeping 
with the well known activated nucleophilic substitu- 
tion in aromatic compounds. Intermediate IV tauto- 
merizes to V, which reacts with another protonated 
N-chlorosuccinimide molecule to give the final prod- 
uct 3,5-dichloroxindole. Chlorination of position 6 in 
preference to position 5 is ruled out by the combined 
electron-withdrawing effect of the -NH and >C==0 
groups on the benzene ring further lowering the 
electron density at position 6. 

Since position 3 is already occupied in the case of 
indole 3-derivatives (Scheme 2), the first step is the 
chlorination of position 2 followed by hydrolysis and 
tautomerization. Two chlorine atoms are then intro- 
duced at positions 3 and 5 by electrophilic attack by 
the reagent, giving a 3,5-dichloroxindole-3-derivative 
(XII) as the final product. 

The electron densities of the carbazole molecule” 
(XIII) indicate that electrophilic substitution would 
occur preferentially at positions 3 and 6. Since the 
stoichiometry of the reaction with N-chlorosuccin- 
imide is 1: 2, the reaction may be formulated as shown 
in Scheme 3. 

The proposed method has been applied to deter- 
mination of indole and some of its derivatives, and 
the results are presented in Table 1. The maximum 
error is + 1.2% and the relative standard deviation 
0.8%. 

Variation of the acetic acid concentration does not 
affect the method. The reaction with indole deriva- 
tives is not instantaneous, and is only about 50% 
complete when titrated immediately after addition of 
the Nchlorosuccinimide. The rate of reaction is 
independent of the concentration of the reagent. The 
lower determination limit for all the samples tested is 
about 1 mg; erroneous results are obtained with 
smaller amounts. 

Acknowledgements-We are grateful to the U.G.C. for the 
award of Junior Research Fellowships to I. Islam and D. D. 
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Table 1. Microdetermination of indoles 

Sample 

Indole 

Amount 
taken, 

mg 

2.034 

Recovery range, 
mg 

2.038-2.079 

Mean Relative 
recovery Error, standard 

mg % deviation, % 

2.059 +1.2 0.8 

Indole acetic acid 

Indole propionic acid 

Indole butyric acid 

Tryptamine 

Carbazole 

4.068 
6.102 
8.136 
2.012 
4.024 
6.036 
8.048 
2.018 
4.036 
6.054 
8.072 
2.020 
4.040 
6.060 
8.080 
2.006 
4.012 
6.018 
8.024 
2.022 
4.044 
6.066 
8.088 

4.070-4.098 
6.088-6.139 
8.120-8.129 
2.019-2.035 
4.01 l-4.041 
6.022-6.059 
8.041-8.086 
2.020-2.035 
4.0424.056 
6.005-6.028 
8.021-8.054 
2.0042.015 
4.026-4.068 
6.022-6.048 
8.02c8.048 
2.001-2.019 
4.02w.045 
6.020-6.045 
8.029-8.049 
2.039-2.052 
4.0264.040 
6.039-6.059 
8.059-8.099 

4.084 
6.116 
8.135 
2.026 
4.023 
6.036 
8.069 
2.028 
4.050 
6.015 
8.034 
2.012 
4.042 
6.037 
8.041 
2.011 
4.031 
6.031 
8.040 
2.041 
4.036 
6.048 
8.073 

+0.4 
+0.2 

0.0 
f0.7 

0.0 
0.0 

+0.2 
+0.5 
+0.3 
-0.6 
-0.5 
f0.4 

0.0 
-0.4 
-0.5 
+0.2 
+0.5 
+0.2 
+0.2 
+0.9 
-0.2 
-0.3 
-0.2 

0.3 
0.3 
0.2 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.1 
0.2 
0.3 
0.5 
0.2 
0.1 
0.3 
0.3 
0.1 
0.1 
0.3 
0.2 
0.1 
0.2 
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Summary-Preparative paper chromatography is proposed as a suitable method for purification of 
Xylenol Orange (X0). The last three dissociation constants of pure X0 have been determined with the aid 
of the program SPEKTFOT, the values found being pK, = 12.34; pK, = 10.66; pK, = 6.69 (O.lM KNO,, 
20 + 0.5’). The complexation of zirconium with the purified reagent has been studied and the co-existence 
of ML and M,L complexes proved by use of the program DALSFEK. The following conditional stability 
constants of the complexes and their molar absorptivities were computed: log & 4.58; log /?‘r,,2L 11.59; 
tML 2.00 x 104; cMzL 9.40 x IO4 1 .mole-‘.cm-’ at 550 nm. 

The modern tendency to use group reagents in spec- 
trophotometry requires knowledge of their proper- 
ties, equilibria in solution and complex formation 
with various ions. There is thus a need for high-purity 
reagents so that reliable values can be obtained for 
various constants. Because of the excellent properties 
of Xylenol Orange (JO) as a group reagent’ it seemed 
to be worth while to study its purification and 
equilibria in solution. 

The present study deals with the purification of X0 
by preparative chromatography. The pure X0 ob- 
tained was used for studying its equilibria in solution 
and its complex formation with zirconium. 

EXPERIMENTAL 

Reagents 

Lachema Xylenol Orange was used in the purification 
procedure. The concentration of X0 was determined by 
spectrophotometric microtitration with 3.00 x IO-‘M zinc 
dipyridyl thiocyanate at 580 nm and pH 6.10 (acetate 
buffer). The zinc dipyridyl thiocyanate was prepared as 
described by BudtSinsky2 and used as a standard. A weighed 
amount was dissolved in a small volume of O.lM hydro- 
chloric acid and diluted to standard volume. 

ZrOCl,. 8H,O (Merck, ~.a.) was used to prepare 
2 x 10-‘&f zirconium solution in 2M perchloric acid, which 
was stable for a month. It was standardized by addition of 
excess of EDTA and back-titration with bismuth nitrate 
(X0 as indicator). 

Whatman No. 3 chromatographic paper, washed first 
with alkaline 10e3M EDTA to remove metal ions, then 
many times with demineralized water, was used for the 
paper chromatography. 

All solutions were prepared from reagent-grade sub- 
stances with demineralized water. 

Apparatus 

Absorption spectra were obtained with a Zeiss Specord 
UV-Vis Spectrophotometer. Spectrophotometric mea- 

surements were performed with a Zeiss VSU-2P spec- 
trophotometer. A Radelkis OP-201/2 pH-meter with an 
OP-8071-l/A electrode was used for checking the pH of 
solutions. 

Purification of X0 

According to some authors3,4 the earlier column and 
thin-layer chromatography methods for purification of 
X05-’ are complex and time-consuming procedures which 
do not lead to good results. Ion-exchange chromatography 
has been claimed to give better results.” Our experiments 
with gel-chromatographyg and column chromatography 
with Whatman CF 11 cellulose powder failed to give 
satisfactory results, and now we propose preparative paper 
chromatography as more suitable. The X0 was purified in 
two ways. In one, X0 was first separated by extraction from 
the Semi-Xylenol Orange (SXO) and Cresol Red (CR) 
present in the commercial sample. In the other, this step was 
omitted. The system consisting of O.lM hydrochloric acid 
and n-butanol-benzene (1: 7 v/v) saturated with O.lM hy- 
drochloric acid, used in 1: 1 v/v ratio, was used for the 
separation of CR from X0 and SXO. X0 and SXO were 
then separated by partition between n-butanol-benzene (3 : 1 
v/v) and 0. 1M hydrochloric acid in 1: 1 volume ratio. lo The 
aqueous hydrochloric acid solution of X0 was evaporated 
under reduced pressure and the X0 extracted from the solid 
residue with absolute ethanol to separate it from the sodium 
chloride present. The alcohol was evaporated and the purity 
of the X0 was checked by means of paper chro- 
matography.5s6,9 

Paper chromatography 

Descending development was used, with a 4: 1:2 v/v 
n-butanol-acetic acid-water mixture as developing solvent. 
The mixture was prepared just before use because of the 
adverse influence of the n-butyl acetate formed.” The 
chromatographic paper strips (5 x 55 cm) were kept for 4-5 
hr in the 20 x 30 x 65 cm chromatographic tank for satur- 
ation with the solvent vapours. Then 5, 10 or 20 ~1 of 
solution containing 5 pg of sample per ~1 were spotted by 
micropipette on the starting line and the strips were returned 
to the tank and developed for 14-16 hr. They were then 
taken out and dried at room temperature. 
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Preparative paper chromatography 

This method permits easy separation of up to 0.8 mg of 
sample, the amount used depending on the initial purity. 
There is a sufficiently sharp separation, into a yellow spot 
of X0, followed by two spots of unknown compounds (UC, 
and UC,) and that of SXO. The mean R, values were 0.23 
for X0, 0.28 for UC,, 0.31 for UC, and 0.35 for SXO. 

A chromatographic test of the X0 isolated by extraction 
showed the presence of UC,, UC, and small amounts of 
SXO. This X0 was purified chromatographically: about 9 
mg of it in acidic form were dissolved in 0.4 ml of O.lM 
sodium hydroxide and the solution was uniformly spotted 
onto six 7 x 25 cm paper strips with a 20-~1 micropipette, 
two spots on each strip, and the strips were developed for 
15-20 hr as described above. The strips were taken out and 
dried in air until the solvent smell was completely removed. 
The spots of X0 obtained were used for preparation of a 
pure X0 solution: they were cut out and eluted with water 
(- 15 ml for each pair of spots); the solution was filtered 
through a Schleicher & Schiill “white label” filter and its 
concentration was checked by spectrophotometric titration 
with ZnPy,(SCN), at pH 6 and 580 nm, the predominant 
complex being ZnXO. 3.6~12 The concentration of pure X0 
solution was also determined by measuring its absorbance 
at 435 nm and pH 4-5, txo being taken as 2.85 x 10“ 
l.mole-‘.cm-‘. 

The purity of X0 was also checked by a chromatographic 
test. Two spots, those of X0 and UC,, were observed. The 
spot of UC, always appeared together with the spot of X0 
even after the latter had been submitted to chromatography 
3 or 4 times. It is probable that UC, is a decomposition 
product, formed on passing the developing solvent through 
the spot of pure X0. 

The following spectrophotometric data were found for 
the purified X0: cxo = 2.80 x lo4 l.mole-‘.cn-’ (430 nm, 
pH 4-5) and cZn2xo = . 6 90 x IO4 l.mole-‘.cm-’ (570 nm, 
pH 5.65), these values being similar to those already re- 
ported.’ 

The Lachema commercial X0 was purified directly by the 
same procedure without preliminary isolation of the reagent 
by extraction. In this case up to 0.5 mg of sample was 
treated and a more intense SXO spot was observed. The 
results were compared with those obtained by extraction 
followed by chromatography. A similar degree of 
purification was achieved, as well as the same spec- 
trophotometric data. 

These results confirm the suitability of the preparative 
paper chromatography for purification purposes. The direct 
purification of commercial X0 can be recommended for 
practical use. 

Determination of zirconium 

Place enough 2M perchloric acid to give a final total 
acidity of O.l-OSM in a 25-ml standard flask. Add 5.00 ml 
of -2 x 10-SM X0 and 0.20-2.00 ml of the test solution 
(- 10m4M Zr, freshly prepared), dilute to volume and mix. 
After 15 min, read the absorbance in a 3-cm cuvette at 550 
nm with water as a reference. In a similar way prepare a 
calibration graph covering the zirconium concentration 
range 0.16-0.68 fig/ml. 

400 450 500 600 

Xtnm) 

Fig. 1. Absorption spectra of Xylenol Orange at different 
acidities. Cx, = 2.72 x 10d6M, p = 0.1, S-cm cells, us. water. 
pH: 1, 1.70; 2, 4.05; 3, 6.03; 4, 6.84; 5, 7.16; 6, 9.05; 7, 9.98; 

8, 10.60; 9, 11.0; 10, 12.40; 11, 13.85. 

RESULTS AND DISCUSSION 

Solution equilibria of Xylenol Orange 

The X0 solution was prepared by elution of the 
chromatographic spots with water. Although this had 
been shown spectrophotometrically to be stable for 
several days, a freshly prepared solution was used for 
the investigations. The absorption spectra of the X0 
solution showed the presence of different ionic forms 
of the reagent in acidic and basic media, Fig. 1. The 
last three dissociation constants of X0 were deter- 
mined by applying the program SPEKTFOT13 to the 
curves for A us. pH [p = 0.144 (KNO,), temperature 
20” + 0.57. The results given in Table 1 are similar to 
data already published.3%6 

COMPLEX FORMATION OF ZIRCONIUM WITH 
XYLENOL ORANGE 

The reaction of Zr(IV) with X0 was studied twenty 
years ago’“16 but more recent investigations with 
purified reagent have provided more precise data.” 

Our studies confirm that the Zr-X0 reaction pro- 
ceeds in strongly acid medium. The absorption spec- 
tra presented in Fig. 2 show that the equilibria are 
complicated and depend on the concentration ratio of 
metal ion and reagent. With a significant excess of 
metal ions present a violet complex (A,,, = 550 nm) 
is formed. 

Table 1. 

Ion n marr nm 

Molar 
absorptivity, 

lo4 I.mole. -’ cm-’ QK 

X06- 582 
HXO’- 578 
HzX04- 578 
H,XO’- - 

at QH l-5 435 

8.08* 
5.58*; 5.12t 
7.43*; 6.86? 

3.005 

pK, 12.34 
pK, 10.66 
pK, 6.69 

*580 nm; 1570 nm; 5435 nm. 
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400 450 500 600 
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Fig. 2. Absorption spectra for the complexation equilibrium 
of Zr(IV) with X0. Cx, = 3.28 x 10-6M, 0.3M HCIO,, 
3-cm cells, vs. water. C,,,: 1, 0.00; 2, 0.26; 3, 0.52; 4, 0.77; 
5, 1.03; 6, 1.29; 7, 1.62; 8, 1.94; 9, 2.26; 10, 2.59; 11, 3.23; 

12, 3.87; 13, 5.18; 14, 6.71. 

Study of the reaction conditions 

To prevent hydrolysis and polymerization of the 
zirconium a strong acid medium and a low concen- 
tration of Zr(IV) were used.18 The optimal acidity was 
found to be 0.1-0.5M perchloric acid, the absorbance 
then being constant. 

The time needed for colour development and the 
stability of the absorbance were determined for 
different concentrations of the reagents in 0.5M 
perchloric acid. It was found that the colour devel- 
oped immediately and was stable for several days in 
solutions containing excess of metal. With X0 in 
excess the colour developed in 1 O-l 5 min after mixing 
of the reagents and was also stable for several days. 

The influence of temperature on the reaction rate 
and on the polymerization equilibria” of zirconium 
were also studied. For this purpose two solutions, (a) 
2.11 x 10-5M Zr(IV)/1.60 x lO-‘jM X0 and (b) 
1.05 x 10m6M Zr(IV)/2.70 x 10m6M X0, both in 
0.5M perchloric acid, were investigated. 

Aliquots of 2.11 x lo-“M zirconium solution in 
2M perchloric acid [prepared daily from 
2.11 x 10m3M Zr(IV)] and the corresponding quan- 
tity of perchloric acid needed were placed in 25-ml 
standard flasks. The flasks were heated for 20 min in 
a water-bath (at N 95”) then taken out and cooled to 
room temperature. Corresponding aliquots of X0 
solution (N 10d5M) were added and the solutions 
were diluted somewhat, heated once again for 30 min, 
cooled and diluted to volume with water. The absorb- 
antes at 550 nm were measured with water as refer- 
ence. 

For comparison, the absorbances of solutions pre- 
pared at room temperature were also measured. The 
differences between corresponding absorbance values 
were within the limits of the photometric error. On 
the basis of these results it was concluded that no 
polymerization of Zr(IV) occurs under these condi- 
tions, and all later experiments were performed at 
room temperature. 

Stability constants 

The formation of Zr(IV) complexes with Xylenol 
Orange was investigated by the mole-ratio method 
with 1.96 x 10e6M X0, 04.22 x 10e5M Zr(IV) and 
0.48M perchloric acid. The data were analysed by the 
program DALSFEK.” The results obtained show the 
co-existence of two complexes, ML and M,L. The 
conditional stability constants of these complexes and 
their molar absorptivities were found to be: log 
/I&=4.58; log /I&= 11.59; tM, = 2 x lo4 and 
e M2L = 9.4 x lo4 l.mole-‘.cn-’ at 550 nm. 

SPECTROPHOTOMFXRIC DETERMINATION 
OF ZIRCONIUM 

Because of the complicated equilibrium between 
Zr(IV) and X0, Beer’s law is valid only at certain 
wavelengths, e.g., at 530 nm for the zirconium con- 
centration range 0.16-0.58 pg/ml (t = 2.14 x IO4 
l.mole-’ .cm-‘). It is also valid at wavelengths close 
to 530 nm. The linear part of the calibration curve for 
measurement at 530 mn (Zr 0.16-0.68 pg/ml) might 
be used for the determination of small amounts of 
zirconium, since the sensitivity is higher 
(E = 4.14 x lo4 l.mole-’ .cm-‘) and the absorbance 
of X0 is negligibly small. 

The tolerance limits for other ions in determination 
of 10 gg of zirconium are: U(V1) 5.0 mg, Mo(V1) 0.5 
mg, Th 4.0 mg, Ga 0.7 mg, Fe(I1) 3.5 mg, PO:- 0.8 
mg, Fe(II1) 50 fig, Sn(I1) 50 pg, Bi 10 pg. Aluminium 
and indium do not interfere but fluoride and oxalate 
should be absent. 
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HALOGENATED 8-HYDROXYQUINOLINE DERIVATIVES 
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Summary-A spectrophotometric method is proposed for the determination of 8-hydroxyquinoline and 
three of its iodinated derivatives: S-chloro-7-iodo-8-hydroxyquinoline (clioquinol), 5,7-di-iodo-8-hydroxy- 
quinoline (iodoquinol) and 8-hydroxy-7-iodo-quinolone-5-sulphonic acid (chinoform). The suggested 
method depends on the reaction with 4-aminoantipyrine in the presence of an alkaline oxidizing agent. 
A red antipyrine dye with an absorption peak at 500 nm is produced in all cases. The reacting ratio has 
been determined and a reaction mechanism is presented. The proposed method can be applied to the 
analysis of pharmaceutical preparations containing the compounds studied, and the results obtained 
compare favourably with those obtained with the standard methods. 

The halogenated derivatives of &hydroxyquinoline 
have been widely used as anti-amoebic compounds, 
both in the treatment of amoebic dysentry and intes- 
tinal amoebiasis, and as topical anti-infectives, be- 
cause of their very low toxicity. Several methods are 
available in the literature for the determination of the 
halogenated derivatives of 8_hydroxyquinoline, in the 
pure state and in pharmaceutical preparations. 

The gravimetric and titrimetric methods include 
precipitation with cadmium iodide in acetone and 
weighing the cadmium complex formed,’ or precip- 
itation with mercuric acetate in acetic acid and 
weighing the mercury comples.2 The total halogen 
content can be determined by fusion with sodium 
carbonate and titration by the Volhard method, and 
the iodide by iodate titration.3 Soliman4 described an 
alternative method involving refluxing the com- 
pounds with 15% sodium hydroxide solution and zinc 
powder, followed by titration of the halide(s) with 
standard iodate solution. These compounds have also 
been determined by precipitation of the copper com- 
plex, and iodometric determination of the copper 
content5 Fusion with potassium carbonate and ti- 
tration with N-bromosuccinimide has also been re- 
ported.6 In non-aqueous media, these compounds can 
be determined by titration with sodium methoxide, in 
dimethylformamide’ or pyridine’ as solvent. 

Calorimetric methods include reaction with iron- 
(III),9 copper sulphate,‘O,” sodium nitriteI and alco- 
holic potassium hydroxide.13 

Other techniques used include polarography,14 X- 
ray spectrographyI and gas-liquid chromato- 
graphy.16 

In this paper, a simple and more direct analytical 
method that is applicable to the determination of low 
concentrations of halogenated 8-hydroxyquinoline 

*Present address: 2360 West Broad Street, Apt. # 133, 
Athens, Georgia 30606, U.S.A. 

derivatives and their formulations is reported; the 
method has proved successful for determining accu- 
rately the compounds either alone or mixed with the 
ingredients commonly encountered in dosage forms. 

EXPERIMENTAL 

Reagents 

CAminoantipyrine, 2% solution in methanol. 
Sodium carbonate, 1% solution in water. 
Potassium hexacyanoferrate(III), 4% solution in water. 

Materials 

Pure drug samples were obtained as gifts from various 
manufacturers, and used without further purification. Phar- 
maceutical preparations containing the compounds studied 
were obtained from commercial sources in the Egyptian 
market. 

Sample preparation 

Stock l.O-mg/ml solutions of each of the compounds 
studied were prepared in appropriate solvents (Table 1). 

Calibration graph 

Aliquots (1 ml) of standard solutions of the drug, cov- 
ering the calibration range (Table 1), were transferred to 
25-ml standard flasks, Then 1.5 ml of sodium carbonate 
solution, 0.6 ml of 4-aminoantipyrine solution, and 1 ml of 
potassium hexacyanoferrate(II1) solution were added to 
each, in that order, and the solutions diluted to volume with 
water. The absorbances at 500 nm were measured against a 
reagent blank and plotted against the final solution concen- 
trations. 

Assay procedure for dosage forms 

Tablets. Twenty tablets were weighed and pulverized, and 
a quantity of the powder equivalent to 50 mg of the pure 
drug was accurately weighed and transferred to a loo-ml 
beaker and dissolved in the appropriate solvent (Table 1) by 
heating on a water-bath. The solution was filtered into a 
lOO-ml standard fiask and diluted to the mark with the same 
solvent, then analysed by the calibration procedure. 

Syrups. A volume of the suspension equivalent to about 
150 mg of the active ingredient was accurately measured and 
centrifuged at 5000 rpm for 30 min. The clear supematant 
liquid was discarded and the residue shaken with a 40-ml 
portion of distilled water until it was completely in sus- 
pension. This mixture was centrifuged as before for 30 min 
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and the clear supematant liquid discarded. The washing and 
centrifugation were repeated, with a further Wml portion 
of water. The residue was transferred completely into a 
250-ml standard flask with dimethylfottnamide (DMF) and 
dissolved by heating on a water-bath. The solution was 
diluted to volume with DMF, and the determination com- 
pleted as already described. 

Ointments. A composite sample was prepared by mixing 
the contents of five containers and a sample equivalent to 
100 mg of the drug was accurately weighed into a IOO-ml 
beaker, dissolved in 80 ml of a hot mixture of 4: 1 
DMF-water mixture and heated on a water-bath for 5 min. 
The solution was cooled in ice for 10 min, allowed to warm 
to room temperature, diluted to volume in a loo-ml stan- 
dard flask with the DMF-water mixture, mixed and filtered. 
The determination was completed as before. 

DISCUSSION 

8-Hydroxyquinoline and its derivatives are phe- 
nolic compounds, and can therefore react with 
4-aminoantipyrine in the presence of an alkaline 
oxidizing agent to form an antipyrine dye;” the 
product has maximum absorption at 500 nm. 

It is reported that in this reaction of 
Caminoantipyrine with phenolic compounds, a 
quinonoid structure of the following type is formed: 

X 

0 =I 
zTilcy 

3 
y/ \ x 

H 

sr 

N- 
\ / 

N 

I K,[: Fe(CN ),I / No2C03 

7 
:ZSY, o. 

3 
- 

This necessitates the position para to the phenol 
group being either free or substituted with a group 
that can be expelled during the reaction. In the case 
of the halogenated 8-hydroxyquinoline derivatives, 
an iodine atom in the para position is difficult to expel 
under the reaction conditions described. An altema- 
tive reaction pathway is suggested in the scheme 
below (X and Y substituents at positions 5 and 7 
respectively). and is substantiated by the fact that 
8-hydroxyquinoline (with the para position un- 
substituted) and the other members of the group have 
nearly identical molar absorptivities (Table l), indi- 
cating that the chromophore formed is the same in all 
cases. 

To study the reaction further, the reacting ratio of 
Caminoantipyrine and 8-hydroxyquinoline or clio- 
quinol (as an example of a para-substituted com- 
pound) was studied by the continuous-variation 
methodI and found to be 1: 1 in both cases. 

Table 1 summarizes the data for the reaction 
between Caminoantipyrine and the compounds stud- 
ied. The time listed in the table is critical. After the 
specified time, precipitation will occur. The molar 
absorptivities are the average of 10 separate deter- 
minations. 

Table 2 shows the analytical results obtained by 
means of the proposed method and the compendia1 

ones.1*2’ There was no significant difference between 
the results obtained by the two methods. 

In Table 3 the results obtained for clioquinol, 
iodoquinol and chinoform in pharmaceutical prep- 
arations are given. Tablet excipients, such as starch, 
gelatine, talc, soluble saccharine and silica do not 
interfere. Substances likely to be encountered in 
clioquinol or iodoquinol suspensions or ointments, 
such as sulphaguanidine, bismuth subcarbonate, light 
kaolin, sodium citrate, sucrose, carboxymethyl- 
cellulose, liquid extract of belladonna, hydro- 
cortisone or prednisolone, also do not interfere. The 
recovery of clioquinol from commercial suspensions 
was determined by adding a known amount of the 
pure drug to suspensions already analysed for clio- 
quinol. Representative results are given in Table 4. 
These control experiments were conducted in order to 
differentiate between experimental error and errors 
due to the interaction of other constituents of the 
system, or errors resulting from the bulk production. 

The method developed in this investigation has the 
advantages of being simple and applicable over a 
convenient range of concentrations to the deter- 
mination of halogenated 8-hydroxyquinoline deriva- 
tives in the pure state or in pharmaceutical formu- 
lations. In addition, it requires no special skill. A 
spectrophotometer is the only instrumentation re- 
quired, and this is an advantage in developing and 
underdeveloped countries, where preparations con- 
taining halogenated 8-hydroxyquinoline derivatives 
are most needed. 
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Table 1. Collective data for the reaction of Caminoantipyrine with halogenated derivatives 
of I-hydroxyquinoline 

Range of Stability 
Molar absorptivity, cont., time 

Compound Solvent t.??tOl-‘.CFTl-’ k%lml min 

8-Hy~oxyq~noline Methanol 1.20 x 104 2-24 15 
Clioquinol DMF 1.22 x lo4 2-20 10 
Iodoauinol Hot DMF 1.29 x lo4 4-32 5 
Chit&form Hot water 1.23 x lo4 2-20 5 

Table 2. Determination of halogenated 8-hydroxyquinoline Table 4. Recovery of iodoquinol added to 5 ml of commer- 
derivatives by the proposed and official methods cial suspensions no~nally containing 125 mg of the drug 

Recovery, % Total Recovery 

Proposed Oacial or Added amount recovered, of added drug, 

Compound method of drug, mg % other method ~ mg 

8-Hydroxyquinoline 100.3 99.7z2 
0.0 131.2 

(0.4) (0.5) 
100.0 231.0 99.8 

Clioquinol 99.8 99.319 
0.0 130.5 

fO.5) 10.6) 
200 331.0 100.3 

Iodoquinol 

Chinoform 

98.9’ 99.1” 
(0.3) (0.4) 
99.1 100.42’ 
(0.5) (0.5) 

The results are the averages of 10 separate determinations. 
The figures in brackets are the coefficients of variation. 

Table 3. ~te~nation of halogenat~ 8-hy~oxyq~no~ne 
derivatives in synthetic and commercial preparations 

Recovery, % 

Proposed Official 
Preparation method method 

Enterovioform tablets 98.3 99.1 
(200 mg of clioquinol per tablet) (0.5) (0.5) 

Parameb tablets 101.3 101.0 
(250 mg of iodoquinol per tablet) (0.3) (0.5) 

Nimarol suspension 104.5 105.0 
(3% clioquinol suspension) (0.4) (0.6) 

Vioderm ointment 103.2 102.9 
(3% clioquinol ointment) (0.4) (0.4) 

Chinoform tablets 100.6 100.2 
(prepared tablets containing (0.4) (0.2) 

200 mg per tablet) 

The results are the averages of 6 separate determinations. 
The figures in brackets are the coefficients of variation. 
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LETTER TO THE EDITOR 

THE COLOURS OF CO-ORDINATION COMPOUNDS: METHODS OF CLASSIFICATION 

Sir, 

The colours of compounds and, in particular, metal complexes are an important parameter 

and should be accurately reported. However, the literature abounds with colour names that 

are ambiguous, and thus meaningless to other workers. This arises because the names given 

to the colours of compounds are arbitrarily chosen by individual workers, who assign a name 

to the colour of an object by comparing it with their colour memory. Most people have a 

poorly developed colour memory. If an observer has difficulty in recalling colours, it 

will be even more difficult for him to convey a recalled colour impression to another 

person.' 

It is possible to describe the colour of solids and liquids accurately and simply by 

reference to a colour order system, a number of which have been proposed. The most popular 

is that of Munsell. 
2 

An alternative that has the advantages of cheapness and simplicity is 

the Methuen system. 
1 

Some interconversions between different systems have been 

reported. 1,394 

Three parameters are required to describe a particular colour completely: 

(a) hue - that property of visual perception by which different regions of the spectrum 

are distinguised and named, s., red, yellow; 

(b) saturation - the intensity of a hue or its degree of freedom from admixture with 

white; 

(c) lightness - the variation of visual perception along the continuum between white 

and black. 

In the Munsell system these parameters are referred to as hue, chroma and value respectively 

Although colour order systems have been used extensively in fields such as biology, 

pharmacology and geology, to our knowledge there has been no extension of these methods to 

co-ordination compounds. We have therefore classified a number of complexes by both the 

Methuen and Munsell colour systems (see Table). From the Munsell notation a systematic 

name that unequivocally describes the colour of the complex can be derived by means of the 

ISCC-NBS* method of designating colour. 
3 

Whenever possible the complexes were assessed in the form in which they were prepared. 

Only in the case of very intense colours was it necessary to grind the crystals to bring 

about a reduction in saturation. For complexes having colours with a low degree of light- 

ness [e.g., Cr(pd)3] grinding also results in a slight change in hue, which in turn may give 

rise to a change in the colour name. 

* Inter Society Colour Council - National Bureau of Standards 
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This method of colour classification would be of greatest utility for complexes with 

very dark colours (i.e., low degree of lightness) and for those of metal ions which form a 

large number of complexes with similar colours I-., Cu(II), Rh(III)]. 
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R&n&-L’oxydation vanadique de derives hettrocycliques oxygen&s a montre la reactivite de cette 
structure a l’igard de I’ion vanadate. L’oxydation de la khelline nous a permis d’obtenir une methode 
sensible de dosage de ce produit, puisque la consommation de reactif oxydant est de 16 moles par mole 
de produit. Dans le milieu reactionnel ont et& isoltes des quantitis importantes d’acide furanne 
dicarboxylique-2,3. Cette methode d’oxydation est utilisable a des fins preparatives pour obtenir ce 
produit. 

L’Ctude de l’oxydation vanadique de d&v&s hettro- 

cycliques oxygen& tels que le chromanol-4 et la 
chromanone-4 montre’ la rbactivite de cette structure, 
mais aussi la stabilite de la chromone formee au tours 
de la reaction. Des etudes precedentes ont d’autre 
part permis de constater que la presence de groupe- 
ments ether-oxyde de phenol sur un cycle aromatique 
entraine une fragilite plus grande de la molecule vis 
a vis de cet oxydant.? 

La khelline, furanochromone naturelle3.4 utiliste 
pour ses proprittes therapeutiques, presente de tels 
groupements. Aussi, avons-nous envisage son oxy- 
dation qui est interessante tant du point de vue 
fondamental que pour ses eventuelles applications 
analytiques. 

OCH, 

w I 0 I CH3 
H,CO 6 Khelline 

PARTIE EXPERIMENTALE 

RPactif 

La solution sulfovanadique (0,l M)4 presente une concen- 
tration finale en acide sulfurique voisine de 0,72M et est 
ttalonnte par titrage avec une solution de sulfate de fer(I1) 
et &ammonium. 

Mode ophatoire 

Une prise d’essai de 25 mg de khelline soit 96 pmoles, est 
introduite dans une fiole conique rod&e de 100 ml; 30 ml de 
la solution de pentoxyde de vanadium sont ensuite ajoutbs 
ainsi que 10 ml d’acide sulfurique 2,SM et 10 ml d’acide 
sulfurique 8M. La fiole est munie dun refrigerant a reflux, 
l’oxydation est realisee au bain marie bouillant. Au tours de 
la reaction, le vanadium(V) en exces est dose par une 
solution de sulfate de fer(I1) et d’ammonium 0,3M avec une 
indication potentiometrique. 

Isolement et dosage de cornposh au tours de I’oxydation 
vanadique 

Les quantitts de dioxyde de carbone liberees au tours de 
l’oxydation ont ete dttetminees par la technique de Chaig- 
neau.’ L’isolement du formaldehyde est realise par en- 
trainement a la vapeur d’eau dans un appareil de Pamas 
et Wagner. L’identification et le dosage sont obtenus 
par formation d’une dthydrolutidine selon la methode de 
Hantzch.” 

Les acides formique et acttique sont isoles apres dis- 
tillation du milieu reactionnel. 11s ont et& identifies par 
chromatographie sur couche mince et doses par chro- 
matographie en phase liquide apres reaction avec une 
nitrocoumarine.‘.’ Les rtsultats ont ete compares avec ceux 
obtenus sur des solutions ttalons d’acide formique et d’acide 
a&ique en solution sulfovanadique, reduite prealablement 
par du sulfate de fer(I1) et d’ammonium. 

Isolement, identification et dosage de I’acide firanne 
dicarboxylique-2,3 

Par extraction ether&e du milieu rtactionnel, est isolee une 
substance jaunatre de caracttre acide. Le point de fusion de 
ce produit est de 228”. Les resultats experimentaux de 
I’analyse tlementaire sont conformes aux valeurs calcuRes 
pour un acide furanne dicarboxylique: calcult C 46,25x, H 
256%; trouve C 46,3x, H 2,7x. Le dosage titrimitrique en 
milieu aqueux de cet acide par la soude 0,lM permet de 
determiner deux pK, (2,40 et 7,35) concordant avec des 
travaux antirieurs.’ 

Le spectre de resonance magnetique nucliaire du proton 
a 60 MHz d’une solution dans le dimethyl sulfoxyde-d6, 
met en evidence deux protons a 6,9 et 8 ppm (a et b) sous 
forme de doublets. Le proton b est Iegerement plus deblinde 
que le proton equivalent de I’acide furanne- mono- 
carboxylique. ” Le singulet a 1 I,1 ppm correspond d’apris 
I’integration aux deux protons acides (c et d). 

Le spectre de resonance magnetique nucleaire du 
carbone- dans le chloroforme deuterie permet de con- 
stater que les carbones 4 et 5 se distinguent des carbones 
quaternaires, independamment des spectres “of resonance”, 
par I’effet Overhauser qui n’est que partiel dans le cas des 
carbones quaternaires. Les resonances de ces derniers ont 
des intensites faibles, par rapport a celles des carbonyles. Les 
attributions proposees sont fondles sur les effets en a et B 
de la substitution par un oxygene de carbones insatures.” 
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L’identification des carbonyles doit tenir compte de l’effet 
mesomere de l’oxygene furannique. Celui-ci entraine une 
resonance a champs relativement Cleves comme le montre 
l’exemple de fester methylique de I’acide furanne 
carboxylique-2 oi I’on observe un d&placement chimique de 
6 = 159 ppm pour le carbonyle.‘* 

En outre, la disubstitution orrho crCe un effet sterique 
supplementaire responsable lui aussi d’un d&placement des 
resonances vers les champs eleves. 

H 
a '="-', 

bH 
COOH, 

Le spectre infra-rouge du produit isole est voisin de celui 
de I’acide furanne carboxylique-3. A 3100 et 3050 cm-‘, on 
peut observer deux bandes dues a la vibration de valence de 
la liaison carbone-hydrogene du noyau furanne. A 1640 
cm-‘, on observe une bande double qui peut Ctre attribube 
$ la fonction carboxyle, cette bande est lirgerement deplacee 
par rapport a celle de l’acide furanne carboxylique-3 qui se 
trouve a 1670 cm-‘.‘3 Ce d&placement vers des nombres 
d’ondes plus petits est dti probablement a la presence d’un 
systtme conjugue de deux carbonyles. La presence du 
deuxieme carboxyle augmente d’ailleurs comme cela est 
previsible l’intensite de la bande a 1610 cm-’ (bande de la 
liaison carbone-carbone du cycle furannique).“’ 

Nous avons etudie le spectre de masse de l’ester dimeth- 
ylique, obtenu apres mtthylation au diazomtthane” et 
separation par chromatographie en phase gazeuse. 

Le spectre obtenu est voisin de celui de l’ester dimeth- 
ylique de I’acide furanne dicarboxylique-2,5.‘6 Les 
differences obtenues a la fragmentation peuvent dtre expli- 
q&es par la presence du deuxieme carboxyle en 3 au lieu de 
5. Les principaux pits observes et leur abondance relative 
sont indiques dans le tableau 1. 

Le mtcanisme envisage est propose ci-dessous: 
_ 

Identification du mPthyl-2 mhthoxy-5 formyl-6 hydroxy-7 
chromone 

Ce produit a et& identifie par spectrometrie de masse 
couplte a la chromatographie en phase gazeuse par com- 
paraison avec la fragmentation d’un khantillon authen- 
tique.” 

RESULTATS 

CinPtique d’oxydation 

Pour differentes concentrations de khelline dam le 
milieu sulfovanadique, apris une heure de reaction au 
bain marie bouillant, la consommation d’oxydant est 
proportionnelle a la quantite de khelline soumise a 
I’oxydation. En effet, pour des concentrations de 
khelline entre 0,16 et 0,80 mg/ml, nous avons re- 

marque que la quantitt d’oxydant consomme est une 
fonction lintaire (r = 0,9987) de la quantite de pro- 
duit de depart soumise a I’oxydation. 

Une etude statistique sur cinq Cchantillons a 25 mg 
de khelline, oxydes dans les memes conditions oper- 
atoires que celles utilisees pour etablir la courbe 
d’etalonnage, a montre que l’erreur experimentale 
maximale par rapport a cette meme courbe Ctait egale 

g O,l%. 
Dans ces conditions operatoires et dans I’intervalle 

de concentrations en produit de depart cites ci-dessus, 
la consommation d’oxydant rapport&e est de 16 
moles a une mole de khelline en milieu sulfurique 

2,SM. 
Nous avons constate que I’oxydation est terminee 

au bout dune heure comme le montre la cinetique de 
I’oxydation en fonction du temps representee ci- 
dessous (Fig. 1). 

-0CH; 
* 

(m/z=184) ( m/z = 153 1 

1' -co 

( m/z = 123 1 

CHO 

(m/z =95) 

Tableau I. 

m/z Abondance relative,% 

184 II,7 
153 100 
123 62,7 
95 24,8 

Prod&s d’oxydation 

Pour expliquer la quantite d’oxydant consommee 
et la cinetique de l’oxydation, nous avons isole et dose 
un certain nombre de produits d’oxydation. Le dos- 
age du dioxyde de carbone a montre qu’en milieu 
sulfurique 2,5M, il y a formation de 3,37 moles de 
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Fig. 1. Oxydation sulfovanadique de la khelline en milieu 
2,5&I en acide sulfurique (concentration 1,92 pmole/ml). 

dioxyde de carbone par mole de khelline. Le dosage 
du formaldehyde produit en milieu sulfurique 2,5M 
a montre que la concentration de cet aldthyde passe 
par un maximum et diminue en fonction du temps 
(Fig. 2). En ce que concerne les trois acides isolb, une 
mole de khelline forme 0,68 mole d’acide formique, 
0,63 mole d’acide acetique et 0,67 mole d’acide 
furanne dicarboxylique-2,3 en milieu sulfurique 
2,5M. 

Proposition d’un mPcanisme rkactionnel 

La formation en milieu sulfurique 2,5M de quan- 
tit& voisines d’acide furanne dicarboxylique-2,3, 
d’acide acetique et d’acide formique laisse privoir 
que ces trois produits pourraient se former selon un 
meme mtcanisme reactionnel qui interesse les 2/3 
(66%) des molecules presentes. Ce mecanisme induit 
une attaque initiale soit au niveau du noyau pyr- 
annique, soit au niveau du noyau benzdnique substi- 
tue, mais laisse intact le cycle furannique. 

L’isolement et I’identification du methyl-2 
methoxy-5 formyl-6 hydroxy-7 chromone montre 
I’existence dun second mecanisme riactionnel, sans 
pour autant qu’actuellement un dosage de cette mol- 
ecule ait pu itre mis en oeuvre. L’oxydation selon le 

Y I 
\ 

I I 

15 30 45 60 

min 
Fig. 2. CinBtique de formation du formaldehyde en fonction 

du temps. 

premier de ces deux mtcanismes peut &tre schematisee 
selon l’tquation: 

- C6H405 + HCOOH + CHJOOH + 5COr 
Acidc furanne 

dicarboxylique-2.3 

Cependant, ceci suppose que les groupements me- 
thoxyles subissent une oxydation totale en dioxyde de 
carbone. Or, dans les conditions operatoires envis- 
agees lors de cette oxydation, l’hypothhe du passage 
par un itat CH; ou CH: conduisant par reaction 
avec le solvant a du methanol est plausible compte- 
tenu du caractere radicalaire de la reaction. Aussi, 
avons-nous soumis le methanol a l’oxydation dans les 
memes conditions. Nous avons constate qu’une mole 
de methanol en milieu sulfurique 2,5M ne rtduit que 
1,67 moles d’ion vanadyle. 

Ces valeurs nettement inferieures aux 6 moles 
necessaires pour une oxydation totale peuvent, peut 
etre, s’expliquer par la volatiliti des molecules consid- 
er&es. En tout &at de cause, ce palier de la quantite 
d’oxydant consomme ne peut itre dipasse quelque 
soit le temps de la reaction. 

Ainsi pouvons-nous considtrer que ce ne sont pas 
30 moles d’ion vanadyle, correspondant aux 7,5 
moles O,, qui sont reduites, mais: 

30-2(6- 1,7)=21,4 moles 

Si ce mecanisme interesse les deux tiers des mol& 

cules, la quantiti d’oxydant consommte est de: 

21,4 x 2 
- = 14,3 moles 

3 

Dans le cas ou le second mecanisme conduirait 
essentiellement a la mtthoxy-5 formyld hydroxy-7 
chromone, l’tquation serait: 

C14H1205 + @r*C,H,,,O~ + 2C0, + H,O 

L’oxydation dans ce cas d’un seul groupement 
methoxyli: nous conduit par le meme raisonnement a 
envisager la consommation, non pas de 10 moles 
d’ions vanadyle theoriquement prtvues dans le cas de 
I’oxydation complete du groupement mtthoxyle, 
mais seulement de 5,7 moles. En appliquant le meme 
type de calcul, puisque le tiers des molecules initiales 
peut &tre justiciable de ce mecanisme, la con- 
sommation serait de 5,7/3 = 1,9 moles d’ions vana- 
dyle. 

La consommation totale serait done de 
14,3 + 1,9 = 16,2 moles d’oxydant par mole de khel- 
line. 

L’hypothese concernant le second mecanisme est 
beaucoup plus delicate a emettre et fera I’objet dun 
travail ulterieur. 

Application au contro^le de mkdicament 

Nous avons dose la khelline par spectroscopic 
ultraviolette et par oxydation sulfovanadique dans 
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Tableau 2. Comparaison des deux mtthodes de dosage: 1, dosage SW une solution 
pure; 2, dosage apr& d&pot sur une plaque de C.C.M. et extraction 

Consommation d’oxydant, 
Etalon, mg Absorbance g 326 nm ye¶ 

1 2 1 2 

2 0,438 0,400 123 116 
3 0,656 0,609 186 178 
4 0,871 0,811 244 237 
5 1.09 0,998 305 296 

une forme pharmaceutique contenant de la khelline et 
de la promkthazine (Khelline-Promethazine sirop, 

Laboratoires Berthier). 
Mkthode d’extraction et de prkparation des Pchan - 

tillons. Les deux produits sont extraits du sirop par 
le dichloromCthane. L’extrait organique est CvaporC g 
set B 40” sous pression reduite. Le rCsidu est repris 
par un volume de dichloromtthane exactement mes- 
ur&. Une fraction de la solution obtenue est dCposCe 
sur une plaque de silice GF 254 (0,2 mm) dont le 
support est en feuille d’aluminium. Le d&pot a Ct& fait 

g&e au diposeur (Camag 10-74-F), car la r&solution 
des bandes est d’autant meilleure que le d&pot est fin. 

Aprh skparation chromatographique (solvant util- 
is&a&ate d’Cthyle 40, tolut?ne 50, acide formique 10) 
et sichage, la bande correspondant B la khelline est 
r&cup&e par un volume p&is de dichloromCthane. 
Pour avoir des rCsultats comparatifs, une fraction de 
l’tluat est utiliste pour le dosage spectrophoto- 
mCtrique et une autre est oxydie par le pentoxyde 
vanadium. D’autre part, une partie de la plaque 
chromatographique parcourue par la phase mobile 
est traitee de la mEme manikre. L’tYuat obtenu est 
utilisk comme “blanc” pour les deux mtthodes. 

La droite de rCgression obtenue pour quatre anal- 
yses effect&es par spectrophotomttrie ultra-violette 
et oxydation sulfovanadique montre une bonne cor- 
rClation entre les deux mtthodes (r = 1) (Tableau 2). 

L’exactitude de la mCthode et le rendement de 
l’extraction ont Ctt determinks en deposant sur la 
plaque chromatographique des quantitCs connues de 
khelline. Les valeurs obtenues, don&es dans le Tab- 
leau 2, montrent un meilleur resultat pour le dosage 
oxydimktrique que pour le dosage spectro- 

photomCtrique. 
Les dosages effect& sur la spkcialiti: mentionnCe 

pr&demment ont donn& respectivement des valeurs 
de 33 mg/ 100 g pour la mCthode OxydimCtrique et 
de 32,5 mg/lOO g pour la mkthode spectro- 
photomCtrique pour une valeur thCorique indiquie 

sur le conditionnement de 36 mg/lOO g de sirop. I1 est 
possible de conclure que les teneurs dCtermintes par 
les deux mithodes sont tr& voisines et qu’elles corre- 
spondent g une valeur acceptable si l’on considirre des 

limites de f 10%. 

CONCLUSION 

En conclusion, l’oxydation de la khelline nous a 
permis d’obtenir une mtthode de dosage de ce pro- 
duit pouvant Ctre appliquke $ de faibles quantitCs 
puisque la consommation de rkactif oxydant est de 16 
moles par mole de produit. La sensibilitk de la 
technique est au moins comparable g celle obtenue 
par la spectromCtrie ultra-violette. L’identification et 
le dosage des produits riactionnels, nous a conduit g 
isoler notamment l’acide furanne dicarboxylique-2,3, 
dont nous avons pu dtterminer les diffkrents para- 
m&tres SpectromCtriques. 
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Summary-In studies of the reactivity of oxygen heterocycles, it has been found that khelline gives a molar 
reacting ratio of 1: 16 with vanadate in 2.5M sulphuric acid, the products being vanadium(IV). 2.3 furan 
dicarboxylic acid, formic acid, acetic acid and carbon dioxide. This reaction can be used for determination 
of khelline and also for preparation of 2,3-furan dicarboxylic acid. 
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STABLE-ISOTOPE RATIO ANALYSIS BASED ON ATOMIC 
HYPERFINE STRUCTURE AND OPTOGALVANIC 

SPECTROSCOPY 
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Summary-Atomic hyperfine structures were measured for the Cu I transition at 5782 A by optogalvanic 
spectroscopy at high resolution, with a cw dye laser. Samples were electro-deposited on the demountable 
cathode of a home-made hollow-cathode lamp. By spectral deconvolution, the relative isotopic abun- 
dances of 63Cu and 65Cu could be determined with good accuracy and precision. The technique is 
applicable to copper concentrations as low as 1.6 ppm. 

Reliable and safe application of isotopes as tracers is 
important in many areas, including biomedical, envi- 
ronmental and geochronological sciences. The pres- 
ence of trace levels of both essential and non-essential 
elements can significantly affect biological processes. 
It is important to study how and where metals are 
absorbed, distributed and accumulated in various 
parts of the body. Radioactive isotopes have been 
most frequently utilized for these studies. However, 
the application of these techniques in humans is 
severely limited because of the hazardous nature of 
the radioactive isotopes. An alternative is mea- 
surement of the abundance ratio of stable isotopes, 
which can be done by a variety of mass spectrometric 
methods, including GC-MS,‘.2 thermal ionization 
MS3 field ionization MS4 ICP-MS,5,6 fast-atom 
bombardment MS,’ electron-impact ionization MS8 
and spark-source MS.9 The major disadvantage of all 
mass spectrometric methods is the interference 
caused by other ions having exactly the same m/e 
value as the analyte. The resolving power of most 
commercial mass spectrometers is not sufficient to 
avoid some of these interferences,’ and the overall 
sensitivity decreases if higher resolving powers are 
used. 

In this paper, we report a new approach to stable- 
isotope ratio analysis, based on atomic hyperfine 
structure available from the optical absorption 
profile. This spectroscopic scheme is virtually 
interference-free because of the highly selective and 
specific nature of hyperfine structures. Each hyperfine 
structure has its own unique shape and profile within 
a narrow range of frequencies (less than 15 GHz or 
0.5 cm-‘). Thus, a minor constituent in a complex 
matrix can be studied without extensive sample prep- 
aration. 

The study of isotope shifts and hyperfine structures 
of optical transitions in atomic spectra has yielded 
detailed information about the changes in the radial 

*Author for correspondence. 

moments of the nuclear charge distribution for the 
isotopes of an element. The high spectral resolution 

necessary to study hyperfine splittings has been 
achieved by using a wide variety of spectroscopic 
tools including etalons,‘s’3 interferometers,‘“20 and 

spectrometers. 2’ Atomic-beam sources 22,23 have been 
used to minimize the Doppler broadening of the 
line-widths. However, it was not until the devel- 
opment of tunable dye lasers that measurements with 
high spectral resolution and high precision for a large 
number of elements were possible, for optical transi- 
tions ranging from the infrared to the ultraviolet 
regions. Important laser spectroscopic techniques 
include Doppler-free24 and non-linear25-27 optical 
methods. 

In this work we use a single-frequency tunable cw 
dye laser as the optical excitation source and a 
specially designed and constructed demountable 
cathode discharge as the atomizer and detector. 
Hyperfine profiles are collected by monitoring the 
optogalvanic signal28 generated between the two elec- 
trodes of the discharge when the laser frequency is 
scanned across the optical transition range. Opto- 
galvanic spectroscopy has become a powerful tech- 
nique, with applications in many areas of research 
including analytical chemistry,29,30 wavelength mea- 
surements and calibration,3’.32 and atomic33 and 
molecular34 spectroscopy. Since the electrical signal is 
directly generated from the optical absorption, no 
optical detection is required. In the low-pressure 
environment (2-7 mmHg) of the discharge plasma, 
the Lorentzian line-width broadening is negligible 
and the spectral resolution is limited only by Doppler 

broadening. Some Doppler-free optogalvanic tech- 
niques have been used 35~36 to study isotope shifts and 
hyperfine structures. However, for obtaining isotope 
ratios, it is not always necessary to use Doppler-free 
methods to obtain baseline resolution of hyperfine 
components. All components that are convoluted 
under the Doppler-limited spectrum can be recovered 
by matching the experimental and theoretical 
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hyperfine profiles by a least-squares criterion. This 
method is demonstrated here for the determination of 
63Cu and 65Cu by using the hyperfine structure of the 
Cu I 5782 A, *Dji2-*PIiz transition. 

THEORY 

Splitting of an optical transition for a single iso- 
tope into two or more hyperfine components is due 
to the interaction of the nuclear magnetic moment 
with the electronic magnetic field. The number of 
hyperfine splittings F depends on the nuclear angular 
momentum of the isotope I, and the electronic angu- 
lar momentum J: 

F=(Z+J),(Z+J)-l,(I+J)-2,...(1-J)(l) 

For the Cu I 5782 8, (*D3,* - 2P,,2) transition, 
J’ = 312 and J = l/2, and both 63Cu and 65Cu have 
I = 3/2. Therefore, for each isotope, there are two 
hyperfine splittings (F = 2, 1) at the upper level and 
four hyperfine splittings (F’ = 3,2, 1,O) at the lower 
level. The selection rule, AF = & 1, 0, allows six 
hyperfine transitions KpF as shown in Fig. 1. Con- 
sequently, the 63Cu and 65Cu isotopes each have a set 
of six hyperfine components, resulting in a 
12-component hyperfine structure. 

The relative hyperfine-component strengths of a set 
of hyperfine lines are well defined, and can be calcu- 
lated from their direct relation to the excitation or 
emission rate. Excitation rate is directly proportional 
to t*, where 5 can be defined by the expression 

5 = (aJIFA4, IEl.T(ct’J’IF’MF) (2) 

for weak fields; E^ is the polarization vector and r is 
the position vector, J and M, are the quantum 
numbers needed for complete specification of the 
states for the upper level and LX’, J’ and MF. are those 
for the lower level. It is assumed here that no optical, 
fine-structure or hyperfine-structure pumping effects 
exist. For linear polarization along the z axis3’ 

Fig. 1. Hyperfine transitions for the Cu I atomic line at 
5782 .&. 

where 7$‘) is a spherical tensor Tt) of rank k in 
J-space with k = 1 and q = 0, and r is the distance 
along the z axis. We then use the Wigner-Eckart 
theorem3* to remove the dependence of matrix ele- 
ments of Tg’) on the magnetic quantum numbers M, 
and Mr. The result is 

where 

F 1 F 

-MF 0 M, > 

is a 3-J symbo13* and 

is a reduced matrix element, 

(uJIF 11 rT(‘) (1 CC’J’IF’) 

= (- l)J+‘+F+‘[(2F + 1)(2F’ + l)]“’ 

x{: : “;} (uJ II rT”’ II a/J’) 

where 

{s: : Y} 

is a 6-Jsymbol.38 By combining equations (S), (4) and 
(2), and summing over M, and MY, it is apparent 
that the excitation rate 5’ is directly proportional to 
the transition strength K and 

=(2F+ 1)(2F’+ I,{; ; yr 

XC 
F 1 F’ * 

MF -MF 0 M, > 
MF 

(6) 

Since the last term in equation (6) becomes unity, the 
final expression for the relative hyperfine-component 
strength is 

Kp,=(2F+1)(2F+l){; ; ‘;y (7) 
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By means of equation (7), the six hyperfine- 
component strengths K,, , K2,, K12, K,, , K12 and &, 
of the Cu I 5782 A line, as shown in Fig. 1, are 
calculated and the results agree with the experi- 
mentally observed data. 

To simulate the actual absorption profiles, the 
magnitudes of the hyperfine shifts must next be 
found. For the Cu 1 5782 A transition, there are 12 
hyperfine-component frequencies vO,_ ,_,*, and the 
hyperfine shift values A,, (i.e., v,,~+,-v~.,) have been 
reported by other workers.3g-4’ However, these values 
vary slightly, depending on the measurement method, 
the electric field and the geometry and dimension of 
the electrodes used. Since it is essential to obtain these 
values with high accuracy (within +_0.0005 cm-‘), 
they must be determined for the specific type of 
discharge plasma used. This is accomplished by least- 
squares fitting of experimental profiles from a sample 
with known isotope abundances, by varying each v,, 
value by 0.001 cm-’ at a time until the best matching 
set of v,,~ is obtained. 

Once all &,n=,_,2 and v0n=1_12 values have been 
determined, we can simulate theoretical profiles for 
various combinations of isotope ratio R, and plasma 
temperature T, by summing over the individual 
Doppler-broadened contributions. Ratio R is used to 
adjust the relative absorption strengths of the two 
isotopes, K,,” (63Cu) and Ko,n (6sCu). Figure 2 shows 
the two 6-component sets of hyperfine structure 
simulated for 63Cu and 6sCu, with the natural 
63Cu/65Cu abundance ratio of 2.235 and plasma 
temperature of 20 K for the lower traces and 1400 K 
for the upper trace. The isotope ratio of the analyte 
is calculated by matching the experimental hyperfine 
structure to these theoretical profiles and picking the 
set which yields the least squared deviation. 

EXPERIMENTAL 

A schematic diagram of the experimental arrangement is 
shown in Fig. 3. An argon ion laser (Control Laser, 
Orlando, FL, Model 554 A) is used to pump a high- 
resolution (40 MHz jitter) cw ring dye laser (Spectra Phys- 

10 r- 

I I I I 

172896 172898 172900 172902 

Freauencv (cm-‘) 
Fig. 2. Doppler-broadened hype&me structure. Top, 1400 
K; bottom 20 K, broken lines for 63Cu and solid lines for 

65Cu. 

LYzzl\ WAVEMETER - - 

Fig. 3. Experimental arrangement for optogalvanic mea- 
surements. Optical paths are shown as broken lines and 

electrical connections are shown as solid lines. 

its, Mountain View, CA, Model 380 A) which provides 
tunable single-frequency radiation which can be electron- 
ically scanned over 30 GHz. A wavemeter (Burleigh Instru- 
ments, Fishers, NY, Model WA-20) accurate to 0.01 cm-‘, 
is used to monitor the laser frequency, and the l/O port of 
the wavemeter is interfaced to a minicomputer (Digital 
Equipment Corp., Maynard, MA, PDP II/lo) to collect and 
store the frequency values. A mechanical chopper (Rofin, 
Newton Upper Falls, MA, Model 7510) is used to modulate 
the laser beam at I kHz modulation frequency. The dye 
laser beam is directed into the cathode cavity of the 
demountable hollow-cathode discharge tube (constructed in 
our workshops) operated by a constant-current power sup- 
ply, and the resulting optogalvanic signal is sent to a lock-in 
amplifier (Princeton Applied Research, Princeton, NJ, 
Model HR-8) where a I-set time constant is used. The 
output of the lock-in amplifier is connected to a digital 
voltmeter (Keithley, Cleveland, OH, Mode1 160 B), and the 
analogue output of the voltmeter is digitized by the labora- 
tory peripheral system (LPS-I I) of the minicomputer. The 
computer takes simultaneous readings of both the opto- 
galvanic signal and the laser frequency every 0.5 set, and 
the real-time spectrum is displayed on a graphics terminal 
(Visual Technology Inc., Tewksbury, MA, Mode1 550). The 
real-time spectrum monitoring is useful for detecting any 
experimental defects, such as laser mode-hopping, while the 
experiment is in progress. 

A simple demountable cathode discharge tube can be 
constructed from a l.5-in. outside diameter (o.d.) 6-in. long 
Pyrex-to-Kovar joint with a quartz window attached on the 
glass end and a 3-in. diameter stainless-steel vacuum flange 
welded on the Kovar end. A 3-in. diameter i-in. thick nylon 
flange is attached to the stainless-steel flange to allow 
dismounting. Vacuum seal is provided by an O-ring between 
the flanges. The cathode and anode are mounted on the 
nylon flange through the central axis of two nylon bolts 
screwed onto the flange through O-ring seals. A k-in. 
diameter 7-in. long tungsten welding rod (Welders En- 
gineering Research Co., Charlotte, NC, Cleaned Finish) is 
used as the anode. A screw-mount cathode rod and cathode 
housing assembly is shown in Fig. 4. A $-in. diameter nickel 
(or copper) rod serving as the cathode is screw-mounted in 
a 6mm inner diameter, 8-mm long nickel housing through 
a 5-40 thread (the high-purity nickel used, containing less 
than 0.9 ppm copper, was obtained locally from the Ames 
Laboratory). Pyrex tubing is sealed on the cathode housing 
for insulation and to confine cathode sputtering inside the 
cathode cavity. The gap between the cathode and anode is 
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Nickel 
cathode 
hous,no 

Screw-mount 
nickel cathode 

5-40 
Pyrex 

\ I I threod 

~8mm----1 

-120mm I 

I 160mm I 
Fig. 4. Demountable hollow cathode. 

9 mm. The anode rod is approximately 1 in. longer than the 
cathode assembly so that the sharp edge of the tip of the 
anode rod is facing away from the cathode cavity. This 
reduces the chance of electrical arcing between the elec- 
trodes, especially at higher gas pressures and lamp currents. 
Analyte, at trace level, is deposited onto the i-in. diameter 
end-surface of the cathode tip. Research grade (99.9999%) 
neon gas (Matheson, East Rutherford, NJ) is used for the 
discharge gas, and the gas pressure is monitored by a 
capacitance manometer (O-10 mmHg full scale; MKS In- 
struments, Burlington, MA, Model 221A). No brass is used 
in the vacuum line and only a mechanical vacuum pump is 
used for the vacuum system. The discharge tube can be 
disassembled and assembled, and the electrodes replaced, 
within a few seconds. After the vacuum has been broken and 
the electrodes exposed to the atmosphere, a baking period 
of 10 min is sufficient to restore a noise-free discharge 
base-line. Baking is done by simply firing the lamp at 
normal operating current (30 mA) and then flushing with 
the discharge gas. A reasonably stable galvanic base-line can 
be obtained even without any baking, each time the lamp is 
reassembled after exposure to the atmosphere. The lamp 
intensity and optogalvanic signal generated are comparable 
to or better than those for a commercial hollow-cathode 
lamp (Perkin-Elmer Corp., Norwalk, CT). 

All enriched isotopes, 63Cu (99.89%) and 65Cu (99.69x), 
were purchased from Oak Ridge National Laboratory. 
Stock solutions were prepared by dissolving the isotopes in 
10% nitric acid (containing less than 0.05 ppm CU). 
Natural-abundance copper stock solutions were prepared 
by dissolving electrolytic copper metal powder (Electrolytic 
Purified, Fisher Scientific Co., Fairlawn, NJ) in 2% nitric 
acid. Copper is deposited on the cathode tip by controlled- 
potential electro-deposition with the cathode rod as the 
working electrode, a platinum wire as the counter-electrode 
and a saturated calomel electrode as the reference electrode. 
A controlled potential of -0.35 V us. SCE is applied to the 
cathode rod. All the cathode rod surface that is submerged 
in the solution, except the flat tip, is insulated by Teflon 
tape so that the electro-deposition is concentrated on the 
small area of the cathode tip. All electro-depositions are 
done at pH 2 with potassium nitrate as supporting electro- 
lyte. After deposition, the cathode rod is rinsed with triply 
distilled demineralized water and air-dried before installa- 
tion in the demountable lamp. 

Human whole blood samples (3-ml portions) obtained 
from the Ames Laboratory medical department were di- 
gested with 20 ml of a 1: 1 v/v mixture of 70% perchloric 
and 70% nitric acids in a miniaturized Bethge apparatus. A 
reflux time of 30 min was sufficient to obtain a clear 
solution, For larger amounts of blood, water condensate 
was removed from the side-arm of the Bethge apparatus in 
order to raise the perchloric acid concentration and increase 
the oxidizing power. 

The ring dye laser has a fairly good electronic 
wavelength-scanning mechanism with minimum scan-rate 

deviation. However, even slight deviation was unacceptable 
for our scheme for fitting the hyperfine-component fre- 
quencies with &0.0005 cm-’ accuracy. Hence the wave- 
meter was interfaced to the minicomputer so that signal 
data could be collected simultaneously with the correspond- 
ing frequency values. The I/O port of the wavemeter was 
connected to the digital I/O port of the LPS-I 1, and the 
laser frequency (in BCD code) from the wavemeter con- 
verted to base-10 number, as displayed on the wavemeter 
LEDs. However, the wavemeter frequency-updating rate 
(every 1.6 set) was too slow for our data-collection rate 
(every 0.5 set). The result was inadequate resolution along 
the frequency co-ordinate. This problem was solved by 
using a 5-point data-smoothing routine to smooth the 
frequency co-ordinate. This was justified because the dye 
laser itself was stable to 40 MHz, whereas the wavemeter 
had a resolution of only 300 MHz. 

All calculations, including generation of theoretical 
profiles and least-squares fitting of experimental profiles, 
were done by using a minicomputer (Digital Equipment 
Corp., Maynard, MA, PDP 1 l/45) with a floating-point 
processor. The computer determined the base-line of the 
experimental profile. Then an adjusted base-line was 
determined. Finally, the whole profile was normalized with 
respect to area. For experimental profiles with noisy 
background, 5-21 point third-degree polynomial smoothing 
routines were available to reduce the noise level without 
substantially degrading the spectral resolution. For fitting 
at the lowest concentration of 1.6 ppm, only the region 
from 17289.6 to 17289.8 cm-’ (Fig. 2) was used, to avoid 
excessive contributions from base-line instability. 

RESULTS AND DISCUSSION 

Abundance analysis 

By use of equation (7) the six relative 
hyperfine-component strengths KpF for both the 63Cu 

and 65 Cu isotopes are calculated to be K,* = 1 .OOOO, 
K2, = 0.3571, K,, = 0.3571, K,, = 0.3571, 
K12 = 0.0715 and K,, = 0.1429. Both isotopes yield 
the same KvF values since they have the same nuclear 
angular momentum of I = 3/2. From these KpF val- 

ues, the central frequencies, vO,“= ,_,r, are calculated 
from the signals obtained by using a solid copper 
cathode in our home-made lamp, operated at 30 mA. 
The 163Cu--65Cu isotope shift is found to be 
0.067 + 0.0005 cm-‘, which compares well with re- 
sults reported by other workers.24,3yA’ The reliability 
of this isotope-ratio measurement scheme depends 
largely on how accurately the central frequencies of 
the hyperfine lines can be determined. To double 
check our calculated v~,~ values, we used pure “Cu 
and 65Cu isotopes respectively for calculations of 
v~,~=,_~ (63Cu) and I+,~=,_~ (65Cu) separately. These 
v~.~=,_,~ values agree very well with those determined 
from a natural-abundance Cu sample. Theoretical 
profiles generated by using these Kk-.F- and rO,,, values 
are stored in reference tables in the computer for 
various values of R and T. A base-line-subtracted, 
area-normalized and frequency-aligned experimental 
profile is tested for fit with each theoretical profile in 
the reference tables. Figure 5 illustrates the goodness 
of spectral fit of our experimental profile with the- 
oretical profile that yields the least sum of squares of 
the deviations (SSD). The reliability and accuracy of 
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Fig. 5. Fitting of the atomic hyperfine profile. Circles, experimental profile; solid line, theoretical profile. 

the ratio calculation depend on the ability of the 
computer to decide which theoretical profile yields 
the least SSD. To ensure this, the calculated surface 
of SSD in the entire range of R and T values should 
have only a single minimum point, forming a smooth 
“hole”. Figure 6 displays a typical calculated surface 
of SSD, showing that such a condition is satisfied. 

The abundances of 63Cu and 65Cu isotopes are 
determined by using the demountable cathode lamp 
with natural-abundance copper and enriched copper 
isotopes deposited on it. The results are shown in 
Table 1. The reliability and accuracy of these calcu- 
lations are tested for some extreme cases, such as 
calculation for a minor isotope (5% abundance) in the 
presence of a major isotope (95% abundance). Ratio 
analysis can be performed successfully in this way for 

. 

lg; 
Fig. 6. Calculated surface of the SSD of the fitting. 

a copper concentration as low as 1.6 ppm. Table 1 
shows that both the accuracy and the precision of the 
method are in the f 1% range for concentrations at 
the 50-ppm level or higher. At the 9-ppm concen- 
tration level, the precision is about f2%. Below this 
concentration, the precision is probably not sufficient 
for practical applications. Although absolute total 
copper detection is possible at much lower concen- 
tration, the accuracy of ratio analysis decreases be- 
cause of distortion of the hyperfine structure at very 
weak signal levels. Human blood serum contains 
2&50 pg/ml copper and human urine excretion of 
copper is 20&500 pg in a 4-hr period. These biolog- 
ical samples provide sufficient amounts of copper for 
ratio analysis by our scheme. A 3-ml human whole 
blood sample was analysed, and as expected, the 
isotopic ratio determined was equal to the natural 
abundance ratio, since only normal copper is avail- 
able in diet. This shows that matrix effects are not 
important in these measurements. 

Since most elements have at least one isotope 
possessing non-zero nuclear angular momentum, 
unique hyperfine structures for these elements are 
available for many optical transitions. Thus, the 

Table I. Determination of isotopic abundances 

Sample Actual % Experimental % 
concentration,* 

ppm 6’Cu 65Cu 6’cu 65Cu 

47 69.09 30.91 67.3 & 1.5 32.7 + 1.5 
9.3 69.09 30.91 69.0 + 2.2 31.0 f 2.2 
1.6 69.09 30.91 70.1 f 3.1 29.9 + 3.1 

50 91.0 9.0 91.0 & 0.3 9.0 * 0.3 
94 95.3 4.7 96.0 + 1.0 4.0 * 1.0 

*Concentrations refer to sample solution from which copper 
is deposited onto the nickel cathode. 
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isotopic-ratio analysis scheme can be applied to all 

these elements, by using appropriate optical ex- 

citation sources. All information necessary to gener- 
ate theoretical profiles for any element can be readily 
calculated once the optical transition is known. In 
fact, copper is probably one of the most difficult cases 
because of the complexity of the hyperfine structure. 
For elements with well-resolved isotopic lines, decon- 
volution is not necessary, and even higher precision 
can be expected. Application of this scheme is useful 
not only in biological studies, but also in environ- 
mental analysis such as the identification of pollution 
sources, by use of tracer isotopes. It should also be 
useful in geochronological studies, including the de- 
termination of the source and age of oceanic rock 
samples, and for isotope dating (e.g., lead-210). It is 
even applicable for detection of art forgeries by 
characterization and authentication of paintings, 
based on the isotopic ratios of an artist’s lead pig- 
ment.42,43 

Stark effect 

The hyperfine-component frequencies vO,_ ,_,* for 
the commercial cathode discharge and the de- 
mountable cathode discharge were found to be 

slightly different, as shown in Table 2. The major 
contributing factor is the electric field shift, caused by 
the difference in electric field strengths available for 
the two discharges. The electric field effect on 
hyperfine shift was further tested by applying two 
different electric fields (volts/electrode distance) in the 
demountable cathode discharge, by modifying the 
positions of the electrodes. As expected, the higher 
electric field (348 V/mm) shifted the hyperfine lines 
toward higher frequencies. 

Pressure effects 

The pressure effect on hyperfine-component fre- 
quencies was also tested for the useful range of gas 
pressures in the discharge. The discharge can be 
operated from about 2.5 to 7 mmHg neon pressure 
without sacrificing the stability or intensity of the 
optogalvanic signal. Hyperfine structures measured 

Table 2. Electrical field effect in demountable discharge tube 

at different neon pressures (2.6 and 7.1 mmHg) were 
compared, and no significant difference was ob- 
served. Therefore, the discharge can be operated over 
a reasonably wide range of useful gas pressures, 
without affecting the hyperfine frequencies. 

Conclusions 

We have demonstrated a novel method for deter- 
mining isotopic ratios in complex samples. It benefits 
from many advantages of optogalvanic spectroscopy. 
The advantages of using a discharge as the atomizer 
include narrower Doppler width and negligible Lor- 
entzian broadening, because of the lower temperature 
and pressure of the plasma, compared to, for exam- 
ple, those of an analytical flame. Because of the high 
electron-sputtering energy, the discharge provides 
higher collisional excitation. Although analytical 
flames provide a more convenient way of analyte 
introduction, the simple electro-deposition step used 
for preparing the discharge tube is an effective pro- 
cedure for concentration of the analyte from very 

dilute solution. This scheme yields the ratios of all 
isotopes present, with a single sweep of the laser 
frequency and within a few seconds of calculation 
time. This is more efficient than some mass- 
spectrometric methods where the peak-match unit 
has to be switched between the exact masses of the 
isotopes of interest. Also, the instrumentation is less 
expensive than mass spectrometers with a compara- 
ble resolving power. Finally, this scheme is extremely 
selective and interference-free, because each hyperfine 
structure has its own unique shape, within a narrow 
range of frequency. Since both resonance and non- 
resonance optogalvanic effects can be readily ob- 
served, plenty of transition lines are available, from 
which to choose an excitation wavelength where 
spectral interference is minimal. If needed, sensitivity 
and selectivity can be further enhanced by utilizing 
multiphoton optogalvanic methods. 
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Demountable cathode 
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Freauencv* cathode 14 V/mm 348 V/mm 
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UNTERSUCHUNGEN ZUR ANWENDUNG TERNARER 
KOMPLEXE IN DER PHOTOMETRIE-III 

DIE BESTIMMUNG DES TITANIUM(IV) MIT BROMPYROGALLOLROT 
IN GEGENWART VON NITRILOTRIESSIGS;liURE bzw. 

ETHYLENEDIAMINTETRAESSIGSAURE 

S. KOCH, G. ACKERMANN und H. MOSLER 
Bergakademie Freiberg, Sektion Chemie, Lehrstuhl fiir Analytische Chemie, 9200 Freiberg, 

Deutsche Demokratische Republik 

(Eingegangen am 10. Januar 1984. Angenommen am 5. April 1984) 

Zusammenfassung-Zur Ekwertung temirer Komplexe in der Photometrie wurden die Modellsysteme 
(BPR = Brompyrogallolrot) Ti(IV)/BPR (I), Ti(IV)/BPR/EDTE (II) und Ti(IV)/BPR/NTE (III) anal- 
ytisch charakterisiert. Neben der Ermittlung der Kennzahlen Arbeitsbereich, Extinktionskoeffizient, 
Standardabweichung, Variationskoeffizient, Eichfunktion, Nachweisgrenze und Erfassungsgrenze erfolgte 
such eine Untersuchung der Stiirung durch 47 Ionen. Es zeigte sich, da13 die temlren Systeme-besonders 
System II-gegeniiber dem binlren System I eine hijhere Selektivitiit aufweisen. 

Zur Bewertung ternsrer Komplexe fiir die photo- 
metrische Analyse wurden die Systeme Titanium(IV)/ 
Tiron und Titanium(IV)/Tiron/Aminopolycarbon- 
s%ure (APC) umfassend charakterisiert.‘~2 Die Un- 
tersuchungen ergaben, daD fiir eine Reihe von 
Stijrionen das Verfahren selektiver wird, wenn das 
Titanium als ternlrer (Ti/Tiron/APC) und nicht 
als binarer Komplex (Ti/Tiron) bestimmt wird. Ge- 
nannte Selektivitiitssteigerung ist besonders deutlich 
bei den Zweitliganden Ethylendiamintetraessigslure 
(EDTE) und Nitrilotriessigsffure (NTE), die 
Empfindlichkeit dieser Reaktionen ist aber gegeniiber 
dem einfachen Tironverfahren geringer. Eine Er- 
hiihung der Empfindlichkeit der Reaktionen dieser 
ternliren Komplextypen mit Tiron ist aus kom- 
plexchemischen Gesichtspunkten prinzipiell nicht 
miiglich, so dal3 man auf einen stark chromophoren 
Liganden mit Resonanzsystem (Farbstoff) ange- 
wiesen ist. Auf Grund der analytisch funktionellen 
Gruppierung fiir Titanium(IV)3 ist als chromophorer 
Ligand Brompyrogallolrot (Dibrompyrogallolsul- 
phophthalein, BPR) geeignet, zumal dieses Reagens 
mit Titanium(IV)4.5 und einer Reihe weiterer 
Kationen6 empfindliche Farbreaktionen gibt. Wei- 
terhin ist die Bildung ternlrer Titaniumkomplexe mit 
BPR in Gegenwart von H,O,’ sowie NTE8 bekannt, 
so da13 folgende Systeme charakterisiert wurden: 

System I Ti(IV)/BPR 
System II Ti(IV)/BPR/EDTE 
System III Ti(IV)/BPR/NTE 

System I wurde dabei mit untersucht, urn exakte 
Vergleiche zu den terniren Systemen ziehen zu 
kijnnen. 

KOMPLEXBILDUNG IM SYSTEM 
TlTANIUM(IV)/BPR bzw. 
TITANIUM(IV)/BPR/APC 

Titanium(W) reagiert mit BPR bei pH > 1 zu 
intensiv violetten Liisungen, welche durch Reaktion 
mit der o-OH-Gruppierung des Farbstoffs entstehen. 
Die FZirbungen bleiben je nach pH such in Gegen- 
wart von Zweitliganden wie Diethylentriaminpenta- 
essigslure, Ethylendiamintetraessigs&re, Nitrilo- 
triessigsgure, Iminodiessigsiiure, Tartrat, Citrat und 
Oxalat erhalten. Nach Untersuchungen von Suk et 
~1.~ wird die Reaktion des Titanium(IV) mit BPR 
analytisch wertvoller, wenn in Gegenwart von Gela- 
tine gearbeitet wird. Die beschriebene Wirkung 
der Gelatine findet man such bei anderen Reak- 
tionen von Metallkationen mit Triphenylmethan- 
Farbstoffen, wobei folgende Vorteile bestehen: zeit- 
lithe StabilitPt der Systeme, bathochrome Ver- 
schiebung von 1,,,(MeR,), so dal3 ein grol3er 
Farbkontrast A1 = A,,,,, (MeR,) - L,,,(R) resultiert, 
hohe Empfindlichkeit der Reaktionen. 

Den Gelatineeffekt konnten wir im System Ti- 
tanium(IV)/BPR such in Gegenwart von EDTE 
sowie NTE nachweisen, wobei nur Lijsungen mit 
pH I 3,s mehrere Stunden stabil sind. Bei allen hier 
untersuchten Liisungen wurde deshalb zur Sta- 
bilisierung Gelatine benutzt. In den Systemen 
Ti(IV)/BPR/(APC) liegen-wie die Wirkung der Gel- 
atine zeigt-5uDerst komplizierte Gleichgewichte in 
der Liisung vor, so dal3 ihre komplexchemische 
Untersuchung deshalb problematisch ist. 

Die Charakterisierung der Systeme Ti- 
tanium(IV)/BPR/APC erfolgte mit Hilfe spektral- 
photometrischer Methoden. Zum Nachweis terniirer 
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Komplexe in der Losung diente die Methode des 
isosbestischen Punktes,’ wonach bei 

E,,, (Ti/BPR/APC) # Ei,, (Ti/BPR BPR) 

ternare Komplexe anzunehmen sind. Die Ermittlung 
der Molarkoeffizienten n fiir BPR erfolgte nach der 
Methode der photometrischen Titration mit (Cri , pH, 
C,,c) = konst. Desweiteren wurde der Koeffizient n 
nach der Job-Methode fur ternare Komplexe” 
bestimmt. Aus der allgemeinen Job-Gleichung erhiilt 
man fur cz = tL = 0: 

MC, V,.d 
Y=E-- 

V* 

und miigliche Substitutionseffekte kbnnen wegen 
C,,, $ CTi vernachlassigt werden (t2 = Extinktions- 
koeffizient von ML,; tr = Extinktionskoeffizient 
von L; Y = von E abgeleitete Hilfsfunktion; E = 
Extinktion; M = Konzentration der Metall-Stamm- 
lijsung in mole/l.; cL. = Extinktionskoeffizient von L’; 
VL. = zugesetztes Volumen der Stammlosung L’; 
d = Schichtdicke in cm; V, = Arbeitsvolumen). 

Zur Beschreibung der einzelnen Gleichgewichte 
sollen folgende Symbole dienen: H,R (BPR); H,Y 
(EDTE); H, X (NTE); LigandentiberschuB p 

(p = CR/C,,); LigandeniiberschuB s (s = &,x,/C,,). 

System Ti(lV)/BPR 

Nach Untersuchungen von Suk et ~1.~ liegen bei 
kleinen Ligandtiberschiissen (j = 4) in Gegenwart 
von Gelatine im pH-Bereich 2,2 bis 2,9 Komplexe 
mit dem Komponentenverhaltnis 1:2 bzw. 1:3 vor. 
Schon die WellenlangenabhHngigkeit des Molarko- 
effizienten bei pH 2,2 nach der Methode von Job 

]xInax =f(n)] weist darauf hin, da13 kein einheitlicher 
Reaktionsmechanismus vorliegt. Wie eigene Er- 
gebnisse bei pH 3,5 (photometrische Titration) zei- 
gen, existiert such unter diesen Bedingungen kein 
einheitlicher Komplex. Der ermittelte Molarko- 
effizient n(R) = 2,2 deutet such Komplexe der 
Zusammensetzung 1:2 bzw. 1:3 an. Die Funktion 
E =f(pH) (C,, = 2 x 10m5M, p = 10) ist im pH- 

Bereich 2,7 bis 3,5 konstant, so da13 bei pH 3,5 eine 

photometrische Titaniumbestimmung (Verfahren I) 

mijglich ist. 

System Ti(IV)/BPR/EDTE 

Die pH-Kurve (Cri = 2 x 10e5M,p = 10, s = 1000) 
zeigt im pH-Bereich 3,0 bis 3,8 einen Verlauf 
E =f(pH) = konst. Bei pH 3,5 (p = 10, s = 1000, 
Cri = 10m5M) mu13 wegen 

E,,(T) > E,,,(B) (R) 

wo (T) = System (Ti/BPR/APC); (B) = (Ti/BPR); 
(R) = (BPR) ternare Komplexbildung angenommen 
werden. Mit Hilfe der photometrischen Titration 
(C,, =2 x 10m5M, s = 1000, p =@4) wurde bei 
pH 3,5 der Molarkoeffizient n(R) = 2,2 gefunden. 
Dieser Wert konnte mit der Job’schen Methode 
(Co = 10m4M) bestatigt werden. 

Nach den durchgefiihrten Untersuchungen 
existiert im System Titanium(IV)/BPR/EDTE in 
schwach saurer Lijsung ein ternarer Komplex in 
Gegenwart binhrer Titanium-BPR-Komplexe. Im 
pH-Bereich 3,0 bis 3,8 sind die optischen Eigen- 
schaften des Systems nahezu pH-unabhlngig, so 
daD es deshalb zur photometrischen Titanium- 
bestimmung (Verfahren II) geeignet ist. 

System Ti(IV)/BPR/NTE 

Fiir die pH-Kurve (Cri = 2 x 10m5M, p = 10, 
s = 1000) gilt im pH-Bereich 3,1 bis 3,6 
E =f(pH) = konst. Bei pH 3,5 @ = 10, s = 1000, 
Cri = IO-‘M) liegt wegen 

E,,,(T) > &,(B)(R) 

ternare Komplexbildung vor. Die photometrische 
Titration (Cr, = 2 x 10m5M, s = 1000,~ = 04) ergab 
bei pH 3,5 einen Molarkoeffizient von n(R) = 2,5, 
welcher such nach der Methode von Job 
(Co = 10m4M) bestatigt wurde. 

Auch im System Titanium(IV)/BPR/NTE liegt ein 
ternlrer Komplex im Gleichgewicht mit binlren 
Titanium-BPR-Komplexen vor. Auf Grund der opti- 
schen Eigenschaften ist das tern&e System bei pH 3,5 
ebenfalls zur photometrischen Titaniumbestimmung 
(Verfahren III) geeignet. 

EXPERIMENTELLER TEIL 

Fiir die photometrischen Messungen dienten die Gerlte 
VSU 2 und Specord UV-VIS des VEB Carl Zeiss Jena. Zur 
Kontrolle der pH-Werte kamen die Gerate MV 85 (VEB 
Pracitronik Dresden) sowie TM 5 (Forschungsinstitut 
Meinsberg) zum Einsatz. 

Reagenzien 

EDTE, NTE (VEB Berlin-Chemie). BPR (Ferak, 24 
Stunden bei 100” getrocknet). Gelatine (DAB 7, VEB 
Laborchemie Apolda). 

Komplexchemische Untersuchungen 

Bei der Herstellung der Lijsungen wurde nach folgender 
Variante gearbeitet: Ti, APC, BPR, pH = 2, Gelatine (2 ml 
l%ig), pH. Die Messungen erfolgten bei 620 nm nach 1 
Stunde gegen Wasser bzw. eine Vergleichsprobe (BPR). Zur 
Herstellung der verwendeten Ti-Stammlosung gingen wir 
von einer bereits beschriebenen Vorschrift” aus. 

Analytische Vntersuchungen 

Ti-Stammlbmg. Es wurde 1,668 1 g Ti02 mit der I-fachen 
Menge K,S,O, aufgeschlossen, die erkaltete Schmelze in 
2M Schwefelsaure gel&t und damit auf 1 Liter aufgefiillt (Ti 
Gehah: 1 mg/ml). Aus der Stammlosung wird eine Liisung 
hergestellt, welche 0,lM an Schwefelsaure ist (Ti Gehalt: 

5 pglmt). 
Alkalische EDTE(NTE)-Liisung. Zu einer 0,2M EDTE 

(NTE)-Losung gibt man soviel Natriumhydroxid, da13 sich 
beim Hinzufiigen von 5 ml dieser Ldsung zu 15 ml 0,l M 
Schwefelslure ein pH-Wert von etwa 2,5 einstellt. 

Formiatpuffer. Es wurde 45 ml 85xige Ameisensaure 
sowie 15 g Natriumhydroxid auf 1 Liter aufgefiillt und der 
pH-Wert auf 3,5 eingestellt. Die so erhaltene Pufferltisung 
ist etwa 1 M. 

Stammlijsungen der St6relemente. Die verwendeten 
Stiirlosungen (5 mg/lOO ml) wurden weitgehend nach 
Koch und Koch-Dedic” hergestellt, wobei als Saure 0,2M 
Schwefelsaure bevorzugt wurde. 
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Arbeitsvorschriften 

Verfnhren I. Zur schwefelsauren Probelijsung (etwa 0,lM 
an Schwefelsiiure) gibt man soviel O,lM Schwefelslure 
hinzu, daB insgesamt 15 ml Ldsung vorliegen. Die Losung 
wird mit 10 ml lo-‘M BPR-Losung und danach mit 2 ml 
1% ige Gelatineliisung versetzt. Mit 1M Natriumhydroxid 
stellt man den pH-Wert von 3,5 ein, fiigt 5 ml Formiatpuffer 
daxu und ftillt mit Wasser auf 50 ml auf. Die Proben werden 
nach 20 Minuten bei 615 nm in l-cm Kiivetten gegen eine 
Blindprobe gemessen. 

Verfahren II. Zur schwefelsauren Probelosung (etwa 0,l A4 
an Schwefelslure) gibt man soviel 0,lM Schwefelsiure 
hinxu, daB insgesamt 15 ml Lijsung vorliegen. Die Lijsung 
wird mit 5 ml alkalischer 0,2M EDTE-Losung, 10 ml IO-‘M 
BPR-Msung und danach mit 2 ml l%ige Gelatineliisung 
versetzt. Mit 1M Natriumhydroxid stellt man den pH-Wert 
von 3,5 ein, fiigt 5 ml Formiatpuffer zu und fiillt mit Wasser 
auf 50 ml auf. Die Proben werden nach 30 Minuten bei 610 
nm in l-cm Kiivetten gegen eine Blindprobe gemessen. 

Verfahren III. Die Proben werden wie bei Verfahren II 
hergestellt, nur dat3 an Stelle von EDTE eine alkalische 
0,2M NTE-Lbsung Verwendung findet. Nach 20 Minuten 
werden die Proben bei 610 nm ebenfalls gegen eine ent- 
sprechende Blindprobe gemessen. 

DISKUSSION 

Vergleichende Charakterisierung der Verfahren 

Zur vergleichenden Charakterisierung der ein- 
zelnen Verfahren machte sich eine statistische Kenn- 
zeichnung der Systeme I, II und III notwendig, 
wobei nach den schon beschriebenen Prinzipien’ 
vorgegangen wurde. Die Berechnung der schein- 
baren Extinktionskoeffizienten sowie der Standard- 
abweichungen (mit f = 20 Freiheitsgraden) erfolgte 
fiir 25 pg Titanium. Bei der Berechnung der Eich- 
funktionen mit Hilfe der Regressionsrechnung (mit 
f = 8 Freiheitsgraden und P = 0,99) wurde von 
y = bx + a ausgegangen. In Tabelle 1 sind die er- 
haltenen Daten zusammengestellt. 

Die zur Kennzeichnung der Selektivitat ermittelten 
Grenzverhaltnisse g (bis maximal g = 1000) fur 25 pg 
Titanium sind in Tabelle 2 enthalten. Das Grenz- 
verhaltnis ist nach 

definiert und stellt ein Verhaltnis dar, bis zu welchem 
keine Stiirung vorliegt. Die Ermittlung von g erfolgte 
wie bereits beschrieben durch lineare Extrapolation’ 
unter Beriicksichtigung von 3s-Schranken fur den 
Grundwert. Durch Untersuchung der Einflilsse von 
Natriumchlorid, Natriumnitrat sowie Natriumsulfat 
konnten eventuelle Stijrungen dieser Salze (Metall- 
Stammlosungen) ausgeschlossen werden. 

Ein Vergleich der ermittelten Kennzahlen von Ver- 
fahren I (Ti/BPR), II (Ti/BPR/EDTE) und III 
(Ti/BPR/NTE) in Tabelle 1 zeigt, daD die Amino- 
polycarbonsluren die analytischen Eigenschaften der 
Systeme beeinflussen. Die Extinktionskoeffizienten 
bzw. Eichfunktionen weisen auf empfindliche Ver- 
fahren hin, wobei die Empfindlichkeit von Verfahren 
II und III gegenuber Verfahren I etwas grijber ist. 
Der genannte Effekt 1aDt sich mit der Unterdriickung 
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von Hydrolysereaktionen des Titanium(IV) durch die Wie aus der Analyse der Variationskoeffizienten 
APC erkliiren, und wegen der hiiheren Zlhnigkeit (F-Test, P = 0,99, f = 20 Freiheitsgrade) folgt, be- 
der EDTE gegeniiber NTE ist die Empfindlich- steht ein signifikanter Unterschied zwischen den 
keitssteigerung bei Verfahren II besonders deutlich. Zufallsfehlern der Verfahren I/II bzw. II/III. Be- 
Auf Grund der wenig unterschiedlichen Empfindlich- sonders auffallig ist der niedrige Variationskoeffizient 
keiten aller drei Verfahren ergeben sich such nur (0,673 fur Verfahren II, d.h. unkontrollierbare 
unwesentliche Abweichungen in Arbeitsbereich, Nebenreaktionen des Titanium(IV) werden be- 
Nachweisgrenze sowie Erfassungsgrenze. sonders wirksam durch EDTE unterdrtickt. 

Tabelle 2. Storungen bei Brompyrogallolrot-Verfahren zur photometrischen Titaniumbestimmung 

Grenzverhlltnis, g 

Stiirion Verbindung Storion-Losung Verf. I Verf. II Verf. III 

AdI) 
AI(II1) 
As(II1) 
Au(II1) 
Ba(I1) 
Be(I1) 
Bi(II1) 
Ca(I1) 
Cd(I1) 
Ce(II1) 
Co(I1) 
Cr(II1) 
Cs(I) 
Cu(I1) 
Fe(II1) 
Ga(II1) 

&NO, 
AICI,.6H,O 
As,03 
AuCl, 
BaCI,.2H,O 
BeSO,.4H,O 
Bi(NO,), .5H,O 
CaCI,.6H,O 
CdC1,.2H,O 
Ce(SO,), .8H,O 
Co(NO,),.6H,O 
Cr,(SO,),. 18H,O 
CsCl 
CuSO,. 5H,O 
Fe(NO,), .9H, 0 
Ga 

50 
031 

540 
281 

25 
16 

2:; 
590 

394 
201 
23 

1000 
O,6 
071 
092 

90 
5 

1000 
0,21 
4 

140 
260 

1000 
1000 
1000 
860 

90 
1000 

55 
26 
85 

40 

830 
121 
4 

100 
9 

1000 
1000 
230 
240 

25 
1000 

65 

Ge(IV) GeO, O,2 023 

Hg(II) 
In(II1) 

HgCI, 
In 

100 
O,3 

1000 
1000 

Ir(IV) 
K(I) 
La(II1) 
Li(I) 
Mg(II) 
Mn(I1) 
Mo(V1) 
Na(I) 
Nb(V) 

Na, IrCI, 
KC1 
LaCI,.7H,O 
L&SO,. H, 0 
MgSO,. 7H, 0 
MnC1,.4H,O 
Na,MoO,.2H,O 
NaCl 
Nb,O, 

51 0381 
1000 1000 

7 1000 
1000 1000 
1000 1000 

1991 1301 
O,2 O,2 

1000 1000 
032 O,3 

0.1 
0.3 

0.3 

1000 
40 

7,51 
1000 
640 

1000 
1000 

131 
0.2 

1000 
0.4 

Ni(I1) 
Pb(I1) 
Pd(I1) 
Pt(IV) 

NiSO,.6H,O 
Pb(N0, )r 
PdCI, 
H,PtCI, 

0,2M H,SO, 
0,2M H,SO, 
0,2M H,SO, 
0,5M HCl 
0,lM HCI 
0,2M H,SO, 
1M HNO, 
0,lM HCI 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,SO, 
0,lM HCI 
0,IM HNO, 
AufschluB mit 
K,CO, 
0,2M H,SO, 
0,lM HCI 
0,lM HNO, 
1M HCI 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,S04 
0,2M H,SO, 
0,2M H,SO, 
0,2M H,S04 
0,2M H,SO, 
AufsehluS mit 
K&O, 
0,2M H,S04 
0,lM HNO, 
IM HCI 
H,O 

4003 200 190 
16 1000 1000 
O,4 5501 23 

111 751 501 

Rb(I) RbCl 0,2M H,SO, 1000 1000 1000 
Rh(II1) Na, RhCI, H,O 360 780 260 
Sb(II1) SbCI, 6M HCI O,4 I,6 0.8 

Se(IV) SeO, 
Sn(I1) SnC1,.2H,O 
Sr(I1) SrCI,.6H,O 
Ta(V) Tar 0, 

Te(IV) Te 

Th(IV) 
T](I) 
U(VI) 
V(V) 
W(VI) 
Zn(I1) 
Zr(IV) 

Th(NO,), 
TINO, 
UO,(CH,COO),.2H,O 
NH,VO, 
NaZ WO,.2H,O 
ZnS0,.7H,O 

0,2M H,SO, 
1M HCl 
0,lM HCl 
AufschluD mit 
K, CO, 
4M HCl 
2M HNO, 
0,2M H,S04 
0,2M H,S04 
0,2M H, SO4 
IM H,SO, 
H,O 
0,2M H,SO, 

1000 1000 1000 
O,5 038 0,7 

401 440 130 
4,7 1,2 3.5 

235 332 2.1 

O,5 
1000 

O,5 
051 
035 

540 
O,3 

14 
1000 

3 
3,51 
O,3 

1000 
O,6 

50 
1000 

‘X6 
I,1 
033 

1000 
132 ZrOCI,.8H,O 0,2M H,S04 

Wenn die Anwesenheit eines Storions zur Erniedrigung der Extinktion fiihrte, wurde dies mit 1 gekennzeichnet. 
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Zur Betrachtung der Selektivitat kiinnen die 
ermittelten Grenzverhaltnisse in Tabelle 2 her- 
angezogen werden. Die angegebenen g-Werte zeigen, 
da8 durch den Einsatz ternlrer Systeme fur 33 von 47 
Ionen die Storungen herabgesetzt sind. Der nach 

ig, 
S = % (n Anzahl der Stiirionen) 

definierte Selektivitltskoeffizient S hat wegen seiner 
eingeschrankten Aussagekraft zwar nur formale 
Bedeutung, macht aber die Selektivitatserhiihung bei 
den Verfahren II und III besonders deutlich. Die Stor- 
elemente Cs, K, Li, Mg, Na, Rb, Se, Tl gehen dabei 
nicht mit ein, da in allen drei Systemen praktisch 
keine Stiirungen (g = 1000) vorliegen. 

S, = 72 

S,, = 329 (n = 39) 

S,,, = 204 

Wie man sieht, existieren deutliche Vorteile bei der 
Anwendung von EDTE (Verfahren II) gegeniiber 
NTE (Verfahren III). Die Ursache dafiir liegt 
ganz allgemein in der hohen Stabilitat von 
EDTE-St&ion-Chelaten sowie der weitgehenden 
Absattigung von Koordinationsstellen dieser Ionen 
durch den sechszlihnigen Liganden, so da8 die 
Bildung von binlren bzw. terniiren BPR-Chelaten 

MeY + n,BPR+Me(BPR),, + Y 

MeY + n,BPR+MeY(BPR),, 

erschwert ist. 
Eine Ausnahme dazu bilden die Ionen der Ele- 

mente Au, Cu, Ir, Nb, Ta, Th, Zr, wo die Storungen 
mit NTE (Verfahren III) geringer sind. Wahrend 
bei Nb, Ta, Th, Zr auf Grund ihrer hohen 
Koordinationszahlen (Z = 8) die entsprechenden 
EDTE-Komplexe (1: 1) den zweizahnigen Ligand 
BPR unter Bildung temarer Species noch anlagern 
kiinnen, ist die Koordinationssphlre dieser Kationen 
bei den NTE-Komplexen (1:2) wegen der Vier- 
zahnigkeit von NTE abgesattigt, und es resultiert 
eine geringere Stiirung mit NTE gegentiber EDTE. 
Im Falle von Au und Ir handelt es sich offensichtlich 
urn eine oxydative Zerstijrung von BPR, welche 
mijglicherweise durch Stabilisierung von (Au, Ir)- 
Zwischenstufen in Gegenwart von EDTE begiinstigt 
wird. Bei Cu schliefllich besteht ein Vorteil fur NTE, 
weil die Eigenfiirbung des Chelates CuX- weniger 
intensiv ist als die von CuY2-. 

Es konnte bereits mit Hilfe der Selektivitats- 
koeffizienten gezeigt werden, da13 das Verfahren II 
selektiver als Verfahren III ist. Im weiteren soil 
deshalb einiges zur Selektivitlt des Verfahrens II 
gegeniiber Verfahren I (binares System) heraus- 
gestellt werden. 

Fur folgende Ionen tritt durch EDTE eine starke 
Verbesserung der Selektivitiit (g,,/g, > 10) auf: A1(50), 

Bi(520), Ca(40), Ce(290), Co(40), Cu(90), Fe(260), 
Ga(420), Hg( lo), In(3300), La( 140), Mn(70), Pb(60), 
Pd(1400), Sr(lO), Th(30), V(40). In Klammern sind 
dabei die gerundeten Quotienten g,, /g, angegeben. 
Eine schwache Verbesserung der Selektivitat 
(10 > g,,/g, > 1) ist bei den Elementen Ag(2), AS(~), 

Be(9), Cd(2), Cr(4), Ge(2), Nb(2), Pt(7), Rh(2), Sb(4), 
Sn(2), U(6), Zn(2), Zr(2) zu finden. 

Bei folgenden Ionen ist keine Verbesserung 
(g,,/g, = 1) zu beobachten: Cs, K, Li, Mg, MO, Na, 
Rb, Se, Te, Tl. 

Dagegen konnte eine Verschlechterung der Selek- 
tivitat (g,, /g, < 1) bei den Elementen Au(0, l), Ba(0,2), 
Ir(0,2), Ni(0,5), Ta(0,3), W(O,6) nachgewiesen 
werden. 

Die in dem System Titanium(IV)/BPR/EDTE 
gefundene Erhiihung der Selektivitat gegentiber dem 
System Titanium(IV)/BPR fur eine grol3e Zahl von 
Stiirionen wird naturgema0 von den Stabilitats- 
verhlltnissen Me-EDTE und Me-BPR unter vor- 
liegenden Reaktionsbedingungen bestimmt. In 
Abhangigkeit dieser Stabilitatsverhiiltnisse ist die 
Lage der entsprechenden Gleichgewichte schematisch 

Me(BPRX + Y =$ MeY f n BP 

[c (Me(BPR), + E (MeY)] 

im Zusammenhang mit dem Extinktionskoeffizienten 
entscheidend fur den Grad der Selektivitltserhohung. 
Bei den Ionen mit g,,/g, = 1 existieren in Losung 
keine bzw. nur wenig stabile EDTE-Chelate, eine 
Verbesserung der Selektivitat tritt hier deshalb nicht 
ein. Die Unterdriickung der Storungen bei Ca’+, 
Pb2+ und Sr’+ mit EDTE beruht darauf, da13 die im 
System Ti/BPR auftretenden schwer l&lichen Sulfate 
durch die Aminopolycarbonsaure vollstandig bzw. 
teilweise aufgelost werden. Wie die Werte g,,/g, < 1 
zeigen, existieren such einige wenige Falle, wo die 
Anwesenheit von EDTE eine Verschlechterung der 
Selektivitat mit sich bringt. Als Ursachen dafiir 
kommen Redox-Reaktionen (Au, Ir/BPR), Flllungs- 
reaktionen (Ba/SO,), Eigenabsorption (Ni/Y) sowie 
Hilfskomplexbildnerwirkung (Ta, W/Y) in Frage. 
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Sunnnary-As part of a continued investigation of the analytical applications of ternary complexes, 
the systems Ti(IV)/BPR, (I), Ti(IV)/BPR/EDTA (II), and Ti(IV)/BPR/NTA (III), where BPR = 
Bromopyrogallol Red, have been investigated and compared in terms of working concentration range, 
molar absorptivity, standard deviation, coefficient of variation, calibration sensitivity, limit of detection 
and of determination. A novel way of summarizing the effects of interferences of a large group of ions 
(some 47 in all) is presented. The results show that the ternary systems, in particular system II, have a 
better selectivity than the simple binary system I of titanium with Bromopyrogallol Red. 
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Summary-Photometric methods for cyanide determination by normal and reversed FIA techniques and 
by completely continuous monitoring are proposed. The sampling rates for the first two techniques are 
20 and 28/hr, respectively, the r.s.d. being less than 0.8% in both cases. A simulation of cyanide control 
in industrial waste waters shows the usefulness of the continuous monitoring method. 

The toxicity of cyanide has long made necessary its 
determination in a great variety of samples, and fast 
methods for continuous or non-continuous mon- 
itoring are still needed. The unsegmented flow tech- 
niques offer a wide range of possible methodologies. 
Thus flow-injection analysis in its conventional form 
(nFIA;’ injection of sample into a continuous flow of 
the reagent) allows analysis for cyanide with min- 
imum consumption of the sample solution. In cases 
such as waste-water analysis, where the reagents 
constitute the major cost of the determination, re- 
versed FIA (rFIA)’ is more suitable. In this the 
reagents are injected into a continuous flow of the 

sample to be analysed. When possible variations in 
sample composition necessitate continuous mon- 
itoring, an analysis utilizing completely continuous 
flow3 (continuous recording of the signal produced 
after the confluence of very small sample and reagent 
streams) is ideal. 

Of these unsegmented flow techniques, only nFIA 
has previously been used for determination of cy- 
anide. Pihlar et cd4 have proposed voltammetric 
determination of cyanide over a wide range of con- 
centrations (from 0.5 pg/l. to 1 g/l.), but there were 
many interfering species. In a later paper,5 many of 
the interferences were eliminated by prior distillation 
of the sample and decomposition of possible cyanide 
complexes by irradiation with ultraviolet light. The 
only potentiometric determination of cyanide, by 
Miiller,6 used a selective Ag,S electrode, but inter- 
ferences were not studied. The determination range 
was 10-6-10-3 M. The only method involving optical 

detection is the fluorimetric determination by cata- 
lysis of the aerial oxidation of pyridoxal or pyridoxal- 
5-phosphate. The range of determination is similar 
with the two reagents (0.1-20.0 pg/ml). Interferences 
were eliminated or their tolerance levels increased by 
use of a stopped-flow technique.’ 

Since the most common detector in a control 
laboratory is likely to be a calorimeter or spec- 
trophotometer, we considered that a simple, well- 

tested classical reaction would be the most convenient 
to use. We chose a reaction in which a dye is formed 
by use of chloramine-T, pyridine and barbituric acid.* 
Three variants are proposed, for analysis of (a) scarce 
or valuable samples (use of normal FIA), (b) waste 
waters (use of reversed FIA), (c) a continuous stream 
(completely continuous method). 

EXPERIMENTAL 

Reagenfs 

All reagents were of analytical-reagent grade and solu- 
tions were prepared with distilled water. 

Pyridine-barbituric acid reagent. Place 15 g of barbituric 
acid in a 250-ml standard Bask and add just enough water 
to wash the sides of the flask and wet the barbituric acid. 
Add 75 ml of pyridine and mix. Add 15 ml of concentrated 
hydrochloric acid, mix and cool to room temperature. 
Dilute to volume with water and mix. 

Chloramine-T solution. Dissolve 1.0 g in 100 ml of water. 
Sodium dihydrogen phosphate-sodium hydroxide buffer 

solution. Dissolve 138 g of NaH,PO,. H,O and 2 g of sodium 
hydroxide in 1 litre of distilled water (total phosphate 
concentration = l.OM and pH = 6.3). 

Cyanide solution. Aqueous potassium cyanide solution 
containing 1.000 g of cyanide per litre. 

Apparatus 

A Pye Unicam SP 6-500 spectrophotomeler was used as 
a detector, connected to a Radiometer REC 80 recorder. 
The accessory instruments were a Beckman pH-meter and 
a thermostat. A Gilson Minipuls-2 peristaltic pump, a 
Hellma 178.10 flow-cell (inner volume 18 pi), a Tecator L 
100-l injection valve and a Tecator TM II “chemifold” were 
used. 

Figure 1 shows the various manifolds used and the 
optimum values of the variables for each method. 

NORMAL FIA 

In this method (Fig. la) the carrier consists of a 
mixture of chloramine-T solution and buffer into 
which the sample is injected. In reactor L,, CNCl is 
formed from chloramine-T; the subsequent 
confluence of the CNCl bolus with a stream of 
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(a) 
0.75 ml/man 

SAMPLE (CN-I 

BUFFER (pH=6.3) 

CHLORAMINE-T 

PYRIDINE-BARBITURIC 
ACID REAGENT 

(b) 
0.95 ml /mm 

PYRIDINE - BARBITURIC 
ACID REAGENT 

BUFFER ( pH -6.3 I 

CHLORAMINE - T 

SAMPLE (CN-1 

(c) 
0.30 ml / min 

BUFFER I pH = 6.3 I 

CHLORAMINE - T 

SAMPLE I CN-1 

PYRIDINE-BARBITURIC 

ACID REAGENT 

---------------, 

L, =25cm ; 35°C 

I 
PHOTOMETER 1 

I 1 L2=525cm I 
‘wwwwwvww\F- 

i +i =0.35mm 
I 
L____________~___I 

Fig. 1. Manifolds and optimum working conditions for the determination of cyanide by: (a) normal FIA; 
(b) reversed FIA; (c) completely continuous technique. 

pyridine-barbituric acid solution causes the for- 
mation in L2 of the detectable product, which is violet 
with an absorption maximum at 578 nm. 

The FIA variables (flow-rate, length of the reactor 
sections L, and L2 and volume of the injected sample) 
were optimized by a modified simplex method.’ 
Later, the influence of the bore of the reactor sections 
(0.35, 0.50 and 0.70 mm) was studied. There were five 
initial experiments, then 19 more points in 10 
different cycles with 9 reflections, 3 expansions and 3 
positive contractions. For each point (in duplicate) 
the corresponding blank (distilled water) was 
recorded, because the change in the refractive indexi 
between the carrier and the sample caused a small 

signal. The addition of pyridine to the sample solu- 
tion to equalize the refractive index of the sample and 
carrier was unsatisfactory. The maximum response 
(height of the FIA peak) was obtained for the 
following values of the variables: q = 0.48 ml/min; 
Vi = 136.3 ~1; L, = 76 cm; L2 = 476 cm. Some vari- 
ables had to be limited for operational reasons. Thus, 
the simplex treatment shows the optimum flow-rate 
should be about zero, but it must be set at 
0.45 ml/min for a reasonably high sampling rate to be 
obtained (though at the expense of a 10% decrease in 
the absorbance). The length of reactor L, should also 
be zero, and its minimum value was initially set at 
10 cm. Subsequent operations established the prac- 

peak which must be subtracted from the sample tical optimum value as 76 cm. 
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Fig. 2. Effect of temperature in the normal (1 ppm CN-) 
and reversed (4 ppm CN-) techniques. 

The optimum values for the FIA variables are 
logical from the chemical point of view. The flow-rate 
has to be small because the reaction between CNCl 
and the pyridine-barbituric acid mixture is slow. For 
this reason the value of L, is also high, although the 
dispersion requirements limit its value. On the other 
hand, the length of L, is small because CNCl can be 
hydrolysed to form CNO-, which does not react to 
give the coloured compound. 

The height of the FIA peak increases with the 
volume of sample injected, but samples bigger than 
136.3 ~1 cause a double peak to appear, because the 
reaction is incomplete in the central zone of the bolus. 

Study of physical and chemical variables 

The pH of the carrier and sample solutions was 

l.OC 

0.W 

0.60 

(a) 

10 

kept between 6 and 8. More acidic pH values cause 
loss of cyanide as hydrogen cyanide gas. Values 
above 8 are not desirable because the reaction be- 
tween chloramine-T and cyanide is then followed by 
a fast hydrolysis. 

Concentrations of chloramine-T more or less than 
1% make the response function decrease slightly. An 
increase in concentration of the pyridine-barbituric 
acid mixture improves the response of the system, but 
at higher concentrations than the one used the barbi- 
turic acid does not dissolve completely. 

The influence of temperature was studied for the 
range 20-55” and the results are given in Fig. 2. A 
sharp rise in the signal is observed between 20 and 
40”. A temperature of 35” was chosen as an optimum 
working temperature; although the signal obtained at 
40” is slightly higher, small bubbles are then formed 
in the reactor.” 

Determination of trace levels of cyanide 

The absorbance vs. concentration calibration 
graph consists of two distinct segments (Fig. 3a). The 
equations for these segments are: 

A = 0.44[CN-] - 0.015 
for [CN-] = 0.1-0.4 pg/ml (r = 0.992) 

and 

A = 0.67[CN-] - 0.108 
for [CN-] = 0.41.0 pg/ml (r = 0.998). 

The relative standard deviations calculated from 
the results for 11 samples of cyanide were 0.8% and 
0.5x, respectively. The lower detection limit corre- 
sponds to the first segment, although its sensitivity 
(slope of the straight line) is less than that for the 

0.7 

(6) 

Time ---+ Time - 

Fig. 3. Calibration runs for determination of cyanide by (a) nFIA and (b) rFIA. 
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second. The precision in both cases is good. The 
sampling frequency is about 20/hr. 

REVERSED FIA 

Here (Fig. lb) the main carrier is the sample 
solution, mixed before the injection valve with a 
secondary carrier consisting of a mixture of buffer 
and chloramine-T. The formation of CNCl occurs in 
reactor L,. Later, this product reacts in L, with the 
pyridine-barbituric acid mixture injected to produce 
the violet colour. 

Study of FIA variables 

The flow-rate, lengths of the reactors and injected 
volume were optimized as before. In this case it is 
again necessary to subtract from each signal the 
corresponding blank, and in rFIA the signal pro- 
duced by the blank is six times the one obtained by 
normal FIA. This significant increase in the blank 
signal causes a higher detection limit for cyanide. 
Addition of pyridine to equalize the refractive indices 
again does not help. The simplex involved five initial 
experiments and a total of 18 points in 11 cycles, with 
9 reflections, 2 expansions and 2 contractions (one 
positive and the other negative). The maximum re- 
sponse corresponds to the values: q = 0.95 ml/min; 
V, = 98.9 ~1; L, = 25 cm; L, = 525 cm. Some vari- 
ables again had to be limited, and the values again 
can be related to the chemistry. The higher flow-rate 
used here necessitated a greater length of L,* to 
provide the same reaction time. The volume injected 
(reagent in this case) now has to be smaller to 
decrease the blank signal. The bore of the reactors 
has very little influence on the signal, although for a 
tubing diameter of 0.50 mm the peak is slightly 
higher. 

Study of physical and chemical variables 

The influence of the concentration of the reagents 
is similar to that in nFIA. However the temperature 
affects the system in different ways, as can be seen in 
Fig. 2. Between 40 and 50” the signal increases, but 
this is not analytically useful, because bubbles form 
along the manifold. The working temperature chosen 
was therefore again 35”. 

Determination of traces of cyanide 

The calibration graph is linear for the cyanide 
range 0.3-5.0 pg/ml, the equation being 

A = O.l46[CN-] + 0.031 (r = 0.999). 

Eleven injections of a 2.0 pg/ml cyanide solution gave 
a 95% confidence interval of +0.7x. The sampling- 
rate was 28 samples/hr. 

COMPLETELY CONTINUOUS METHOD 

The manifold for this (Fig. lc) is similar to that for 
reversed FIA (Fig. lb), but without an injection 

valve. The analyte and reagents flow continuously 
through the measurement cell and the cyanide con- 
centration is determined without interruption. Thus it 
is very useful for the control of cyanide in industrial 
waste waters. 

Injluence of the variables 

Since the manifold is the same as that for rFIA 
(omitting the injection valve), the same conditions are 
used, with the advantage now that the blank does 
not give a signal and only the variation of cyanide 
concentration with time is recorded. 

To reduce consumption of sample and reagent, the 
flow-rate is restricted to 0.30 ml/min, and the bore of 
the reactors is 0.35 mm. 

Simulation of continuous control of cyanide in waste 
water 

Figure 4a shows a calibration run for cyanide in 
waters. The calibration range is 0.74.0~gg/ml, and 
the graph is a straight line with the equation: 

A = 0.30[CN-] - 0.19 (r = 0.989). 

Figure 46 shows the results of a simulation of 
analysis for cyanide in waste waters throughout a 
working day. The cyanide came from a 2-litre con- 
tainer which initially contained 500 ml of distilled 
water. Another vessel containing cyanide solution 
was fixed to this tank. Periodically different volumes 
of cyanide or distilled water were added to the 
container in such a way that the cyanide concen- 
tration was changed. 

COMPARISON OF THE RESULTS 

Two sorts of comparison of the results obtained in 
this work can be made: 

(a) the traditional technique can be compared with 
the unsegmented-flow techniques; 
(b) the three unsegmented-flow techniques used in 
this paper can be compared with one another. 

The first (a) is summarized in Table 1. The flow 
techniques have clear advantages over the traditional 
photometric one (except that the sensitivity and the 
detection limit are more favourable in the traditional 
technique). 

The second (b) is made in Table 2. The highest 
sensitivity and lowest detection limit are obtained by 
nFIA. This finding is at variance with previous 
observations. Previously the main advantage claimed 
for rFIA has been higher sensitivity.**‘* The relative 
loss of sensitivity observed in this work may be due 
to the large increase of the blank signal in the rFIA, 
which can mask sample peaks at concentrations 
below 0.3 pg/ml. An alternative cause is the inability 
to ensure presence of the excess of reagent necessary 
for the optimum reaction in rFIA. The detection limit 
is lower in the FIA methods than in the completely 
continuous one. nFIA permits determination of cy- 
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Fig. 4. Completely continuous technique. (a) Calibration run; (b) simulation of continuous monitoring 
of [CN-] in waste waters during a working day. 

anide levels as low as 0.1 /*g/ml (linear range with a straight line calibration graph. The sampling 
0.1-1.0 pg/ml); on the other hand, rFIA permits frequency is a little higher in rFIA. Table 2 suggests 
determination over a wider range (0.3-KOpg/ml) applications for the three modifications. 

Table 1. Comparison between the unsegmented flow meth- 
ods for determination of cyanide and the conventional 

method 

Conventional photometric 
method 

Unsegmented flow 
methods 

Lower detection limit 
Higher sensitivity 

Higher analysis rate 
Easier handling 
Greater versatility for 
the required type of 
analysis 
Good precision 
Automated continuous 
methods are possible 
Minimum exposure of the 
analyst to the highly 
toxic CNCl 
Diminution of interferences 

Interferences 

As shown in Table 3, the most significant inter- 
ferences come from species with cyanide groups 
(thiocyanate, ferrocyanide and ferricyanide are posi- 
tive interferences) and cations that form complexes 
with cyanide (silver, copper, cobalt, nickel, etc., 

which cause negative interference). Bromide and io- 
dide diminish the analytical signal, perhaps because 
of formation of CNBr and CNI, which do not react 
with the pyridine-barbituric acid. Fluoride does not 
interfere. Sulphide and nitrite, which interfere seri- 
ously in the conventional method,8J3 are tolerated in 
these flow methods when present in up to tenfold 
ratio to cyanide. 

The interferences are practically the same in the 
three unsegmented flow methods, although in rFIA 
they appear to be slightly less severe. 

Table 2. Comparison of the unsegmented flow methods 

Method 

Normal FIA 

Reversed FIA 

Completely 
continuous 

Typical [CN-I, Slope of 
application Samples/hr Pgglml calibration line 

Scanty samples 20 0.1-0.4 0.44 
0.4-1.0 0.67 

Waste water 28 0.3-5.0 0.15 
analysis 

Automated Continuous 0.74.0 0.30 
continuous 
analvsis 
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Table 3. Interferences in determination of cyanide by the unsegmented flow methods* 

Added species 

Tolerance ratio nFIA rFIA Completely continuous 

loo F-, Cl-, NOj, NO?, 
so:-, so:-, s,o:-, co:- 
CH,COO-, PO:-, ClO; 
EDTA, Na+, K+, NH:, 
Ca’+, Mg*+, Cr3+ 

50 C,O:-, S,O:-, Zn*+, 
Cd*+ 

10 
1 

<l 

S*-, IO;, Pb*+ S*-, Mn*+ 
Brr, I-, Mn*+ Br-, I-, Fe3+ 
Fe(CN)i-, Fe(CN)i-, Fe(CN):-, Fe(CN):-, 
SCN-, Cu*+, Co*+, SCN-, Cu2+, Co*+, 
Ni*+, FeS+, Hg*+, Ag’ Ni2+, Hg?+, Ag+ 

F-, Cl-, NO;, NO;, 
so:-, so:-, s*o:-, co:- 
C,O:-, CH,COO-, PO:-, 
CIO;, EDTA, Na+, K+, 
NH:, Ca*+, Mg*+, Pb*+, 
Cr’+ 
S,Oi-, Zn*+, Cd*+ 

F-, Cl-, NOT, NO:, 
so:-, so:-, s,o:-, co:- 
C,O:-, CH,COO-, PO:-, 
CIO;, EDTA, Na+, K+, 
NH:, Ca*+, Mg*+, Cr’+ 

S,Oi-, Zn*+, CdZ+, Pb*+ 

S- 
Brr, Fe3+ 
Fe(CN)z-, Fe(CN):-, 
SCN-, I-, IO;, Cu’+, 
Co*+ Ni’+, Hg*+, Ag+, 
Mn’; 

*For 2.0 pg/ml of cyanide. 
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Snnnnary-Electrostatic trapping of desolvated aerosols on a wire electrode is described. A capacitively- 
coupled radiofrequency discharge is used to vaporize and excite collected material. The apparatus shows 
a clear and controllable transition between different modes of electrostatic collection. Boron shows 
unexplained anomalous behaviour. 

Electrostatic trapping has been applied to the col- 
lection of atmospheric particulates’.2 and to the pre- 
concentration of aqueous solutions.‘,4 In the latter 
case the solution is converted into an aerosol, desol- 
vated, and deposited on either a wire or a liquid-filled 
trough electrode. However neither of these types of 
electrode is ideal. The former is unsatisfactory be- 
cause of the difficulty of removing trapped material 
without also destroying the wire. A liquid collector 
avoids this problem, but is tedious to set up and must 
be renewed each time it is used. 

The present work examines an alternative method 
of performing an electrostatic collection and retrieval 
cycle, which works for a wide range of elements and 
requires no manipulation of the electrode system 
between samples. The method uses a wire point as the 
collector. The high field-gradient associated with the 
small radius of curvature at the tip of the wire ensures 
that material is collected with high efficiency and is 
deposited over a small surface area. Given this geom- 
etry, the subsequent removal of deposited material is 
easily achieved by volatilization with a low-power 
capacitively-coupled radiofrequency (RF) plasma, 
which can be made to vaporize the surface coating of 
the wire while leaving the substrate intact. In the 
present work the plasma was used both to evaporate 
the sample and excite it so that the vaporized material 
could be detected by means of its atomic emission. 

EXPERIMENTAL 

The device used in the present work is shown in Fig. 1. 
Dry aerosol entering from B flows around a wire electrode 
E (the working electrode) which is connected to a suitable 
high voltage (either positive or negative). Some of the 
aerosol particles are attracted to the electrode surface and 
retained. The process is continued until sufficient material 
has built up on the working electrode to allow its subsequent 

*Present address: Department of Chemistry, University of 
Turku, SF 20500 Turku 50, Finland. 
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detection by atomic emission from a plasma generated 
directly at the electrode surface. A ground electrode was 
also used during the collection cycle to collect aerosol 
particles which might become charged and repelled from the 
working electrode. The trapping efficiency of a wire collector 
and the stability of the atomizing plasma both depend on 
the cell geometry used because of build-up of static charge 
on insulating surfaces. The cell shown in Fig. 1 was found 
to be suitable. The body was made of Pyrex glass. The 
working(E) and ground (F) electrodes were made of 0.5 mm 
diameter tungsten wire, with lengths of 6 and 2 mm, re- 
spectively. A ground plane was provided by wrapping a few 
turns of copper wire (D) around the body of the cell. 

The RF plasma used to volatilize the collected material 
was generated in argon by a laboratory-built supply which 
delivered 30 W at 2 MHz. The output was connected to the 
working electrode and ground plane through an impedance- 
matching transformer which developed a zero-load second- 
ary voltage of 3 kV. This was sufficient for spontaneous 
initiation of the plasma, which appeared as a stable, arc-like 
streamer between the working electrode and the glass of the 

Fig. 1. The collection cell. A, argon inlet; B, sample inlet; 
D, copper ground wire; E, F, working and ground elec- 
trodes; G, gas outlet; the gas inlet stopcock (C) is open 

during collection and closed during plasma generation. 
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Fig. 2. Effect of collection voltage on the emission intensity 
of Ag (O), Cd (A), B (0). Starting concentrations were 0.8, 

2, 4 ng/ml, respectively. Collection volume 20 ml. 

cell body. The electrode became red-hot during this process, 
but its temperature was insufficient to cause thermal vol- 
atilization of the majority of compounds examined. It was 
concluded that sputtering by the plasma was the primary 
cause of vaporization. 

Detection of vaporized material was by atomic emission, 
measured with a Varian AA5 spectrometer. The optical 
alignment which gave the best signal-to-noise ratio was that 
in which the image of the electrode was slightly offset (in 
either direction), when the monochromator was viewing a 
section of the plasma immediately adjacent to the electrode 
surface. 

Procedure 

The d.c. collection voltage was connected to the working 
electrode. Sample solutions were aspirated with a pneumatic 
nebulizer and desolvated as described in earlier work. Air 
was used as the carrier. After collection was complete the 
gas supply was switched to argon to purge the cell. The 
argon flow was reduced, normally to 0.04 l./min with the 
present cell, and the working electrode switched over to the 
RF supply to initiate the plasma. A transient atomic- 
emission signal was observed, with a duration of a few msec. 
A burn time of 5 or 10 set normally cleared the electrode 
even of heavy salt deposits; this is a sufficiently short interval 
to avoid serious etching of the tungsten surface (even if 
traces of oxidizing gases are present in the argon supply). 

RESULTS 

The elements Ag, B and Cd were selected to test the 
behaviour of the system. The effects of trapping 
voltage and of argon flow-rate are shown in Figs. 2 
and 3. 

The results in Fig. 2 show that collection efficiency 
for all three elements increased to a maximum at 
about 9 kV. The maximum efficiency was found, by 
methods described previously,3 to be around 30%. 
This is a lower efficiency than was achieved with 
earlier designs because, although a high field-gradient 
exists around the electrode, its influence extends over 
only a small volume. 

For trapping voltages below 9 kV, transferring the 
plasma to the ground electrode (F in Fig. 1) gave’only 
a weak emission signal. Washing the inside of the cell 
also failed to reveal any material deposited on the 
glass walls. It was concluded that the bulk of the 
trapped aerosol was retained on the working elec- 

trode. These results altered as the collection voltage 
was increased above 9 kV. Increasing amounts of 
material were transferred to the walls and to the 
ground electrode. At the same time a faint corona 
became visible. Therefore the occurrence of the max- 
imum in Fig. 2 was attributed to a change in the 
mechanism of collection, from one involving attrac- 
tion of polarized aerosol particles to the working 
electrode at low collection voltages, to one in which 
the aerosol particles became charged in the corona 
and repelled away from the working electrode. 

Boron alone showed erratic behaviour for col- 
lection voltages below 9 kV. Borax gave apparently 
normal emission signals for initial boron concen- 
trations above 0.4 pg/ml, but for lower concen- 
trations the response fell abruptly to zero. Addition 
of 2pg/ml of sodium chloride corrected this behav- 
iour and all results for boron were obtained in this 
way. However, boron as boric acid failed to give any 
response at all, even in the presence of sodium 
chloride. This sensitivity to the physical and chemical 
nature of the aerosol is similar to the behaviour of the 
liquid collector.4 It is apparently related to the 
different properties of the two collection modes and 
presumably reflects the complex behaviour of boron 
oxyanions. However, the unusual magnitude of the 
variations caused by minor changes in the initial 
solution remains an unexplained curiosity. 

The effects of varying the argon flow-rate during 
the atomization cycle are shown in Fig. 3. The results 
indicate that the volatilization process is not particu- 
larly sensitive to the argon flow, but that the ex- 
citation temperature falls as the argon flow increases. 
However, the argon flow could not be completely 
stopped or the plasma column itself became unstable. 

Results were repeated for ground and working 
electrodes varying in length from 1 to 10 mm, but no 
major variations were observed. Other plasma gases 
were examined but none gave as satisfactory results 
as argon, possibly because of the low RF power used. 
Following these preliminary results, the collection 
voltage and argon flow-rate during plasma 
generation were fixed at 8 kV and 0.04 I./min, 

loo i 

Fig. 3. Effect of argon flow on the emission intensity of Ag 
(O), Cd (A). B (0). Conditions as in Fig. 2. 
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Element 

& 

B 

Cd 

Source 

Silver 
nitrate 
Borax 
in 2-kg/ml 
NaCl 
Cadmium 
chloride 

Table 1. Behaviour of Ag, B and Cd 

Upper limit 
of linear 

Wavelength, working curve, Precision,* 
nm ielm % 

328.1 0.01 2 (at 0.008 pg/ml) 

249.7 0.3 10 (at 0.4 rg/ml) 

228.8 0.1 17 (at 0.06 pg/ml) 

Detection? 
limit, 

wglml 

0.0002 

0.06 

0.004 

*Relative standard deviation of 6 successive readings. 
tFor a signal corresponding to 3 times the relative standard deviation of 6 successive blank readings, 

SO-ml sample volume. 

Table 2. Summary of detection limits 

Wavelength, Detection limit*, 
Element Source nm pgglml 

Al Al,(SO,),. 16H,O 396.2 0.1 
Ba Ba(C,H@,)r 553.6 0.01 
Ca Ca(NO,), .4H,O 422.7 0.3 
Cr CrCl,.6H,O/HCl 359.4 0.9 
co Co(NQ),/HNO, 240.7 0.1 
C” CuO/HNO, 324.7 0.02 
Pb Pb(NO,),/HNO, 405.8 0.08 
Mg MgCl,/HCl 285.2 0.004 
Mn MnSO, 403.1 0.08 
Hg HgCl, 253.7 0.006 
Ni Ni/HNO, 232.0 0.3 
Si 9H,O 251.6 0.09 
Sr I’$$iO,. 460.7 0.2 
Sn SnClr1.2H,0 284.0 0.1 
V V,O,/l M HCl 318.4 0.3 

Zn ZnO/HNO, 213.8 0.03 
Zr ZrOCl,.8H,0/5M HCl 360.1 0.8 

*For a signal corresponding to 3 times the relative standard deviation of 6 
successive blank readings, 50-ml sample volume. 

respectively. The analytical behaviour of the three 
test elements was examined and the detection limits 
for others were determined. Results are summarized 
in Tables 1 and 2. 

In order to assess the sensitivity of the apparatus 
to matrix effects, or to the action of added buffering 
agents, the responses of the three test elements in the 

0 30 60 

ClNoCl) (ppm) 

Fig. 4. Effect of NaCl on the emission intensity of Ag (O), 
Cd (A), B (0). Conditions as in Fig. 2. 

presence of sodium chloride were observed. The 
results are shown in Fig. 4. Sodium chloride was 
found to influence the response by increasing the 
intensity of the (wide-band) background emission. 
This was particularly marked at short wavelengths as 
shown by the Cd response in Fig. 4 (total emission at 
the Cd wavelength). In addition, sodium chloride 
causes a reduction in collection efficiency, shown by 
the fall of the curves for Ag and B in Fig. 4 (corrected 
for wide-band emission by dual-wavelength measure- 
ments). The spectroscopic interference appears to be 
the more serious; the collection process itself tolerates 
small amounts of sodium chloride reasonably well. 

CONCLUSIONS 

The behaviour of the present apparatus shows that 
an aerosol can be collected onto a single pointed wire 
electrode with useful efficiency. It also shows the 
ability of a low-power RF plasma to volatilize refrac- 
tory materials, such as oxygen-containing or hy- 
drated salts of B, Si and Zr, from the surface of the 
wire. 
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Considerable sensitivity is lost in the present appar- 
atus through the inefficient delivery of vaporized 
material to the region of highest temperature in the 
plasma, and through spreading of the sample over a 
larger volume than can be observed by the optical 
system. In principle, the technique is capable of good 
sensitivity, since the material collected from a large 
volume of solution can be retained on a surface of 
small area, and reintroduced into the vapour phase 
over a time interval of a few msec. 

The technique is of use in its present form because 
it provides a simple method of loading wire probes to 
any desired level. It also affords a convenient way of 
examining the transition between different modes of 
collection (i.e., attraction of particles to the working 
electrode or coronal charging and repulsion). This 
transition is observed with any type of electrostatic 
trap, but its onset is sensitive to design and operation 
of the trap as well as to the nature of the aerosol. The 

present behaviour is unusual in that the transition 
occurs abruptly, leading to a sudden switch from 
efficient collection to zero, or vice versa, as a result of 
small changes in operating conditions. Its in- 
vestigation is of interest partly because of this sensi- 
tivity per se, and partly because of the necessity to 
control the transition point for a given type of 
aerosol. 
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Summary-The potentiometric properties of the rigidly cross-linked Sephadex gel CM-25 have been 
studied. The gel was equilibrated in sodium perchlorate at fixed concentration levels (0.010 and O.OOlOM) 
and with variable concentration levels of NaClO, (from 0.0010 to O.lOM). The volume of the gel was 
measured for every equilibrated sample simultaneously with the solution pH and pNa. The pK computed 
after correction for a Donnan potential term was found to be independent of a, the degree of 
neutralization, and ionic strength; its value of 3.35 &- 0.15 was in excellent agreement with the intrinsic 
pK measured earlier for the flexible CM-50 Sephadex gel and reported for its linear polyelectrolyte 
analogue, carboxymethyldextran. An interesting observation from these studies is the efficient screening 
of the charged surface by the counter-ions in the presence of a three-dimensional charged network. 

It has been shown that in the investigation of 
gel-phase equilibria, such as the dissociation of a 
weakly acidic group repeated in a regular way 
throughout the gel structure, and/or the complex- 
ation of metal by this acidic group, a Donnan 
potential term must be calculated’.’ to permit an 
estimate of non-ideality at the site of the reaction. For 
this purpose it is necessary to know the gel-phase 
concentration of the potential-determining counter- 
ion (e.g. Na+) as well as the solution pH and pNa at 
every experimental point, since 

where 

PCR = PH,,, - pNa(,) + PCR, (1) 

PCR - 1% & = PF’RP,, 

and 

pK;#, - pK&, = - 0.434 2 + log yk+ (3) 

In equation (1) the subscript s and the superscript 
g refer to the solution and gel phases, with CA and 
CR. representing the molar concentration of H+ and 
Na+ in the gel. In equation (2) a refers to the fraction 
of gel acidic groups that is dissociated and pKT&, 
corresponds to the apparent pK of the acid unit (HA) 
which is repeated in the polymer. Finally, in equation 
(3) the superscript int designates the intrinsic pK of 
the repeating HA unit, GcLL, refers to the potential at 
the surface of the charged gel matrix, and yh+ is the 
molar activity-coefficient correction for long-range 

Debye-type ion-interaction forces acting on the H+ 
ion in the gel phase. 

Since electroneutrality must be preserved in the gel 
phase, the Na+ content of the gel can be equated 
directly with the quantity (meq) of acid dissociated, 
(A-), or av, on controlled addition of standard base, 
by means of equation (4): 

(A-), = av = bV, + hV, = Na& (4) 

where b and h are the molarities of the base and acid, 
respectively, and Vb the volume of base added and V, 
the volume of the aqueous phase after the addition of 
base. Measurement of the gel volume, V,, then per- 
mits evaluation of CL, with equation (5): 

The neutralization by sodium hydroxide of the 
cation-exchange gel in equilibrium with a sodium salt 
of a strongly acidic polyelectrolyte such as sodium 
polystyrene sulphonate, NaPSS, can be expressed by 
the equation 

PH,,, - pNa,,, + log vp* 

u* 
-= = PKR’RP,, + logy!% + log (, _ cI) S (6) 

where V! is now defined as the specific volume (ml 
per 1 meq of the gel). 

By inclusion of yf& and other terms such as y,-, the 
activity coefficient of the acidic unit of gel, and yl;, 
and yh, the solvation contributions of both the H+ 
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and Na+ ions in the pK”PP term, as done by Slota and 
Marinsky,’ the pK”PP value can be obtained by the 
relationship: 

PK?&, = P% - pNa,,, + log Vp* - log &j (7) 

If a simple neutral electrolyte, e.g., sodium 
perchlorate, is used to control the ionic strength of 
the aqueous medium, an accurate estimate of the 
extent of gel invasion by the salt [which is reduced 
sufficiently by the use of a high molecular-weight 
polyelectrolyte (NaPSS) to be neglected in equations 
(5)-(7)], must now be made for correct assessment of 
pCb with equation (1). At equilibrium the activity of 
sodium perchlorate is the same in both phases: 

a&o4 = aRaCro4 (8) 

so 

(Y:)2(CRJ (Ce,,) = (Y?) (CL,) (C510,) (9) 

where y+ represents the mean molar activity 
coefficient of sodium perchlorate in the separate 
solution (s) and gel (g) phases. Now 

cs,, = ; + CgNac,04 (5a) 

and 

(Y$)’ (E + CR.,,,.> (C,r o.) = (CSNaC10J2 (7:)’ (9a) 

Little error is introduced by equating (y ‘& with (y ‘), 
in equation (9a) to facilitate evaluation of CRaCIo4 
from the resultant quadratic equation. The value of 
CP;, [equation (Sa)] so corrected can then be trans- 
ferred to equations (5)-(7) for a more accurate anal- 
ysis of the potentiometric data with equation (7a): 

PK$%,~~ = PI-&, - pNa(,, - log - (1 Ia) 

- log ($ + Ck,cro,) (7a) 

The research described below was intended to 
extend an earlier study of the potentiometric behav- 
iour of Sephadex, a weakly cross-linked carboxy- 
methyldextran. A Sephadex gel (CM-25) more rigid 
than that used in the earlier studies’*2 was employed 
to increase the effective concentration range of 
counter-ions in the gel beyond that examined before, 
so that the effect of counter-ion screening of the 
charged macromolecular surface, confined to a gel- 
network geometry, could be observed over an ex- 
tended counter-ion concentration range. 

EXPERIMENTAL 

Preparation of the resin 

Sephadex CM-25, commercially available from Pharma- 
cia fine chemicals (Sweden), was obtained in the sodium 
form with a nominal capacity of 4.5 meq/g for the material. 
It was first placed in water to swell before transfer to a 
chromatographic column for conversion into the acid form, 

by slow passage of large excess of 0.2M perchloric acid 
through the resin column, Use of more concentrated acid 
was avoided, to prevent hydrolysis of the glycosidic bonds 
of the carboxymethyl dextran. After the conversion was, 
complete doubly distilled water was passed through the 
column until the pH of effluent and influent were the same. 
The wet resin was then stored in sealed polyethylene con- 
tainers. 

Batch equilibration procedure 

Approximately l-g samples of wet resin were accurately 
weighed out and transferred quantitatively to 20-ml screw- 
capped glass tubes. Controlled volumes of standard sodium 
hydroxide solution were then added to each sample, under 
a nitrogen atmosphere, to cover the neutralization range 
from approximately 5 to 85%. The final volume of the 
solution varied from 10.0 to 20.0 ml. In one type of experi- 
ment the ionic strength was maintained constant in each 
sample at 0.010 or 0.001 by addition of a volume of 0.020M 
or 0.002M sodium perchlorate (as appropriate)., just equal 
to the volume of base added in adjusting the degree of 
neutralization of a particular sample. At the lower G( values, 
O.OlOM or O.OOlM sodium perchlorate was added to the 
sample to bring the final volume up to 10.0 ml. In the other 
type of experiment the ionic strength was allowed to vary. 

Each of the samples was equilibrated at ambient tem- 
perature (20 & 2”) for at least 15 hr with continuous agita- 
tion provided by a rotating platform. The samples were 
sealed with parafilm to avoid the absorption of CO, during 
equilibration. At the end of the equilibration period essen- 
tially all of the supernatant solution was collected, under a 
nitrogen atmosphere, for potentiometric. pH and pNa mea- 
surement. 

Gel volume determinations 

The surface of the residual solution, defined by a l-2 mm 
depth beyond the gel boundary, was first marked by a line 
drawn on the exterior wall of the tube, tangentially to the 
solution meniscus (the tube was _ 10 mm in diameter). 
Exactly 1.00 ml of a 0.010% aqueous solution of Blue 
Dextran 2000, a macromolecular dye with an average 
molecular weight of 2 x lo6 (from Pharmacia Fine Chem- 
icals of Sweden) was then added to the resin and the residual 
solution. After vigorous shaking to ensure complete mixing 
of the dye with the solution as rapidly as possible, a small 
aliquot of the solution was withdrawn for spectrophoto- 
metric measurement at 620 nm, with a Perkin-Elmer model 
554 spectrophotometer. The brief interval (< l/2 min) of 
agitation before sampling was believed to keep the absorp- 
tion and/or diffusion of the dye sufficiently low to avoid any 
disturbance of the volume measurement. To obtain the 
volume of resin, the volume of solution, accurately acces- 
sible from this measurement, was then subtracted from the 
total volume of resin and solution, determined by weighing 
the quantity of water needed to fill the tube to the added 
mark, after the resin and solution had been quantitatively 
added to the supernatant solution withdrawn earlier for the 
electrochemical measurement of pH and pNa. 

Total resin capacity measurement 

The total capacity of each resin sample was determined by 
back-titration with standard acid of the excess of standard 
sodium hydroxide solution added to each gel-solution mix- 
ture. 

Potentiometric measurements 

All electrochemical measurements were made (to +O.l 
mV) with a Crison (Barcelona) digital pH-meter equipped 
with an Ingold combination (405-M5) electrode (a glass 
electrode and an Ag/AgCl internal reference electrode) for 
the pH determinations and a Radiometer sodium ion- 
selective electrode (G502 Na) joined with a reference cal- 
omel electrode (Radiometer K401) for the pNa deter- 
minations. During each measurement nitrogen gas was used 
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to blanket the solution to prevent interference by CO,. 
Before and after each series of measurements the electrodes 
were calibrated, the glass electrode with standard buffer 
solutions and the sodium electrode with standard sodium 
perchlorate solutions. The pH and pNa ranges encountered 
in the experimental programme were covered in the cali- 
bration programme. Since there is interference by H+ in the 
electrochemical measurement of the Na+, its extent was 
quantitatively estimated when necessary, by the “separate 
solution” method.4 With this approach a mean poten- 
tiometric interference parameter, K&u), equal to 5.0, was 
found applicable in the modified Nernst equation used to 
compute pNa: 

K = J%+ g log (a,, + K%C”, a,+) 

where g = 59. I6 mV/decade at 25”. 

Reagents and solutions 

All chemicals used were Merck analytical grade products. 
Solutions were prepared with doubly distilled demin- 
eralized water. The sodium perchlorate solution was made 
by neutralizing pure perchloric acid with pure sodium car- 
bonate.5 The O.lOOM sodium hydroxide was prepared from 
50% sodium hydroxide stock solution and standardized 
against potassium hydrogen phthalate; the 0. IOOM 
perchloric acid was standardized with tris(hydroxy- 
methyl)aminomethane. The stock sodium perchlorate solu- 
tion used to prepare the standard solutions for calibration 
of the sodium ion-selective electrode was standardized 
gravimetrically by precipitation of sodium zinc uranyl ace- 
tate.6 

RESULTS AND DISCUSSION 

The potentiometric data obtained in the first type 
of experiment (fixed ionic strength) have been used 
directly in the standard Henderson-Hasselbalch 
equation 

PH,,, - log & = PK:&;P,, (11) 

to obtain the two separate plots of pK$& vs. a 
presented in Fig. 1. The points of the upper curve 
correspond to such an analysis of the pH data for the 
O.OOlOM sodium perchlorate system, and the middle 

/ 
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Fig. 1. Plots of apparent pK us a: in the two upper curves 
the 0 and + (I = O.OOlOM) and A and A (I = O.OlOM) 
points were computed by means of equation (11); the lower 
curve was obtained by using equation (7a) to incorporate a 

Donnan potential term for the resolution of PK. 

curve is based on data obtained with the O.OlOM 
sodium perchlorate system. When these poten- 
tiometric data are analysed by using equation (7a), 
where correction is made for the Donnan-potential 
term, pNa(,, - pNa,.,, all of the computed PKF,!&,~ 
values fall on a single straight line of zero slope. The 
pK value of 3.35 f 0.15, defined by the best straight 
line that can be drawn through these points, is in 
excellent agreement with the intrinsic pK determined 
for the linear, uncross-linked carboxymethyldextran 
analogue’ of the Sephadex gel employed in this study. 
This result once again provides support for the model 
proposed and used for analysis of the protonation 
equilibria in gels.‘~* 

Potentiometric data obtained from the second type 
of experiment (variable ionic strength) have also been 
analysed by means of equation (7a). The data from 
this phase of the research are listed in Table 1. The 

Table 1. A potentiometric study of the protonation equilibria of Sephadex CM-25 

“, 
*eq 

Base 
added, A- 

*eq P% PNa,,, a 
v, CR~CIO, PNa,, PK%%, 

1.359 0 2.230 0.986 0.052 0.063 0.076 0.857 3.362 
1.354 0.100 2.758 1.201 0.090 0.069 0.037 0.975 3.537 
1.309 0.241 3.469 1.508 0.195 0.152 0.012 0.785 3.361 
1.304 0.351 3.865 1.646 0.271 0.211 0.002 0.672 3.321 
1.261 0.047 2.480 1.026 0.070 0.197 0.038 0.629 3.306 
1.246 0.151 3.020 1.201 8.131 0.239 0.033 0.565 3.206 
1.246 0.430 4.210 1.751 0.348 0.207 0.022 0.640 3.372 
1.246 0.109 3.470 2.217 0.090 0.065 5.62 x 1O-4 1.183 3.441 
1.246 0.142 3.682 2.236 0.116 0.092 3.65 x 1O-4 1.034 3.362 
1.301 0.520 5.336 2.808 0.340 0.193 1.3 x 10-s 0.714 3.530 
1.271 0.620 5.597 2.828 0.487 0.261 - 0.583 3.375 
1.292 0.707 5.756 2.855 0.549 0.345 - 0.462 3.278 
1.384 0.352 4.580 2.366 0.254 0.162 1.14 x 10-d 0.790 3.472 
1.326 0.452 5.069 2.628 0.341 0.208 2.7 x 1O-5 0.682 3.409 
1.314 0.553 5.546 2.823 0.421 0.255 - 0.593 3.454 
1.339 0.653 5.724 2.865 0.488 0.276 - 0.559 3.439 
1.435 0.854 5.966 2.869 0.595 0.265 - 0.577 3.507 
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Fig. 2. A representation of gel volume measurements at 
different degrees of neutralization in O.OOlOM NaCIO, (0) 

and O.OlOM NaCIO, (A) media. 

pK values obtained in these experiments corroborate 
the earlier results; the pK value of 3.35 + 0.15 is (1) 
independent of ionic strength and degree of neutral- 
ization, and (2) identical with the intrinsic pK already 
found for the repeating functional unit of the Sepha- 
dex. The scatter of f 0.15 in the pK value is, we 
believe, attributable to the experimental uncertainty 
in the value of the gel volume determined in each 
individual experiment. The V,* values measured in 
the constant ionic-strength experiments are plotted 
vs. CL in Fig. 2 to demonstrate this point. 

The observation that Vz is, within experimental 
error, independent of the ionic strength of the system, 
is to be expected; only with this result can the pK vs. 
tl curve obtained by using equation (7a) be com- 
pletely independent of ionic strength. It has already 
been demonstrated’ that with the flexible Sephadex 
gel (CM-50-125) the pKT&, found with equation (7a) 
is a sensitive function of the solution ionic strength, 
like the behaviour of a typical polyelectrolyte. In this 
instance, deviation from ideality arising from the 
charged surface of the gel matrix is enhanced at each 
c( value by a decrease in the shielding efficiency of the 
counter-ions in the increasingly expanded gel as the 

1O-3 M NoPSS 

IO-’ M NaPSS 

10-’ M NaPSS 

I I 
0.5 1.0 

a 

Fig. 3. The potentiometric properties of a flexible Sep- Fig. 5. A plot of tl vs. MH, - pNa, for a Sephadex gel in 
hadex gel at different water activities. O.OOlOM (0, 6) and O.OlOM (A, A) NaCIO, media. 
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Fig. 4. A plot of a us. pH for a Sephadex gel in O.OOlOM 
(0, 0). and O.OlOM (A, A) NaCIO, media. 

water activity is increased by reducing the ionic 
strength of the system. This result is pictured in Fig. 
3 where pK$RP,, values computed with equation (7a) 
for the flexible Sephadex CM-50, NaPSS, system 
studied at three different NaPSS concentrations 
(0.0010, 0.010, and O.lOM) is plotted vs. tl. These 
curves, when compared with the Sephadex CM-25 pK 
data obtained in this study, show how easily a three- 
dimensional arrangement of charge is screened by 
increasing the concentration of the counter-ions. 

The rigidity of the Sephadex CM-25 may not seem 
fully demonstrated, because of the experimental un- 
certainty of the gel-volume measurements. However, 

A0 

1 2 3 
pH -pNa 
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Fig. 6. A plot of pK vs. a for salt-free polymethacrylic acid. 

the following argument demonstrates unambiguously 
that the gel matrix of the Sephadex C-25 is indeed so 
rigid that a unique gel volume, independent of the 
water-activity in the external solution phase, is ob- 
tained at each a value. With such rigidity of the gel 
matrix, the concentration of Na+ in the gel (pNa:) 
is essentially fixed at each particular a value (neglect- 
ing electrolyte invasion). Since pH, - pNa, = pH, - 
pNa,, equation (l), a plot of pH, vs. a should be 
dependent on the ionic strength of the system, 
whereas a plot of pH, - pN+,,, vs. a should not. That 
this is indeed the case with our system can be seen 
from comparing Figs. 4 and 5. 

An important initial objective of this programme 
was examination of the shielding efficiency of 
counter-ions in a three-dimensionally charged net- 
work. A qualitative estimate of this aspect has been 
provided by comparing the screening efficiency of 

counter-ions in a linear, hydrophobic polyelectrolyte 
(two-dimensional surface) with screening obser- 
vations obtained from the CM-50’~~ and the CM-25 
gel (three-dimensional network). We present in Fig. 
6 plots of pK;&,, vs. a for four salt-free poly- 
methacrylic acid samples, initially 0.335, 0.467, 0.621 
and l.O06m, respectively, using equation (11) for the 
computation.8 It is quite apparent from a comparison 
of these plots with those obtained for Sephadex (Fig. 
3) that the drop in efficiency of counter-ion screening 
of surface potential with concentration is a great deal 
smaller in the polyelectrolyte system. By the time the 
counter-ion concentrations reach 0.330.4M the 
charged matrix of the Sephadex gel is completely 
screened. For the polyelectrolyte system the mag- 
nitude of the exp[-.s$&7”l term is still a factor of 
about 20. 
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Summary-The methods of Jones’s calculus are used to derive expressions for the signal-to-noise ratio 
in polarimetric measurements. The formulae show that in shot-noise limited systems there is an optimum 
angle between the polarization planes of the polarizer and analyser and that, once this angle is employed, 
the signal-to-noise ratio of the system cannot be appreciably improved by improving the quality (i.e., 
lowering the extinction ratio) of the polarizers used. The main way to improve the signal-to-noise ratio 
is to use an intense light source, large optical aperture and a long integration time. 

There is an increasing need for developing more 
sensitive methods to measure optical rotation. For 
example, a large number of naturally occurring com- 
pounds, carbohydrates, and a number of amino-acids 
do not show high absorbance in the ultraviolet 
region, but do possess optical activity. One advan- 
tageous way of employing the latter property might 
be for detection in HPLC. However, the polarimeters 
available commercially do not meet the sensitivity 
requirements for trace analysis. Yeung et al.’ man- 
aged to construct a highly sensitive polarimeter, using 
rather impressive equipment: a 0.5-W argon ion laser 
as the light-source, a selected pair of prism polarizers, 
and two Faraday rotators as polarization modu- 
lators. According to these authors, the performance 
of such an instrument depends on the extent to which 
it can reject light of improper polarization, i.e., on the 
quality of the polarizers which are used. In this paper 
we shall consider how this requirement could be 
eased in certain cases. It is also intended to produce 
working equations for the relative signal-to-noise 
ratio of a standard photoelectric polarimeter with a 
non-ideal polarizer and analyser, and to devise a way 
to optimize the performance of the device. 

THEORY 

The mathematical treatment of the theory of opti- 
cal equipment working with polarized light is most 
conveniently done by using the Jones matrix for- 
malism (see e.g., reference 2 and references cited 
therein). According to this, an ideal polarizer with the 
polarizing plane aligned with the x-axis can be 
represented by a matrix 

P, = 
1 

0 
- 

*Author for correspondence. 

and the corresponding “crossed” analyser 

P, = 
0 0 ( > 0 1 

In practice, however, no polarizer is ideal, and a 
better representation of a polarizer is 

where yX is a scalar attenuating factor and k is a 
parameter representing the non-ideal polarizing 
properties of the device. The off-diagonal elements of 
the matrix P, are still assumed to be zero. In fact, any 
symmetric or Hermitian matrix can be brought into 
the form (3) by an orthogonal transformation. In the 
optical train an orthogonal transformation means 
nothing else but the rotation of the optical element 
around the optical axis. In the general case the 
transformation leads to complex values of y and k. 

In practice, the quality of a pair of polarizers is 
characterized by their extinction ratio E, which is 
defined as the ratio of the intensity observed when the 
two polarizers are crossed, to that observed when 
their transmission axes are parallel. 

When the incoming light is unpolarized, the 
intensity of light (I) transmitted by an optical element 
A is2 

I=iI,,Tr(A’A) (4) 

where A is the Jones matrix of A, and I,, is the 
intensity of the incident non-polarized light. By 
applying this first to the crossed polarizers, we obtain 

ZL =iZ,,Tr(ptp,pip,) 

=tZ~l~,121~y12(l~,12+ Ik,12) (5) 
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P; 0 P; 
Fig. 1. Schematic diagram of a simple polarimeter. 

For the axes parallel, this becomes 

I,, =fl,Tr[(/sz)2P:J 

=~~,I~,l~l~yl~(l + lk121~,12) (6) 

Consequently 

(7) 

With nearly ideal polarizers, k is very small and 
equation (7) becomes 

The polarimeter to be analysed by the Jones cal- 
culus is shown schematically in Fig. 1. It is assumed 
that the co-ordinate axes are defined according to the 
transmission and extinction axes of p,. The trans- 
mission axis of P, is now assumed to make an “offset 
angle” 6 with the extinction axis (x-axis) of p,. The 
introduction of this offset angle has important con- 
sequences for the behaviour of the system. The total 
matrix S of the system is now 

~=P,DR,P,R; (9) 

The sample, denoted by matrix D, is assumed to be 
circularly dichroic and optically active:* 

s: -‘mX cosx (lo) . > 
where w is the circular frequency of the wave, b is the 
path-length, c the velocity of light, j is J-1, and 

n^+=n++jz; A_==n_+jZ (11) 

n+ and n_ being the indices of refraction for right and 
left circularly polarized light and CI+ and tl_ the 
corresponding Napierian absorption coefficients. The 
angle x is the complex angle of rotation 

wb 
x = x’ .jx” = -g (ri_ - ri,) (12) 

The offset angle 0 of the polarizer is taken into 
account by means of the orthogonal transformation 
matrix R,: 

R,= 
cos e -sin 6 

sin 0 cos e > 
(13) 

It is seen that the sample matrix D also has the form 
of the orthogonal rotation matrix and therefore may 
be denoted by 

1 RX (14) 

Thus R, and Rx can be combined as 

RoRx=R,R,=Ro+X (15) 

The intensity of light transmitted by the system of 
Fig. 1 is 

I = fTr(S+S)I,, = iexp[-ib(a+ + cc_)] 

x Tr(R,~~R~,, ~~~,&+,~XRCW~ 

=fexp[-fb(cr+ +a)] 

x Tr(P,PtR~+,P:P,R,+,)I, (16) 

Here the orthogonality of Ro, commutativity under 
the trace operation, and equation (15) have been 
used. After some algebraic manipulation equation 
(16) can be cast into the form: 

~=f~oew[-~b(~+ +~-)ll~.l~l~~l~ 

x Klkl’+ Ik,12)l cos@ +x1t2 

+(I + lk121~,12)l since +x)121 

=%ew[-f4~+ +a-)ll~x121~y12 

x Klkl’+ lky12)Cos2(~ +x3 

+ (1 + lk,121ky12)sin2(B +x’) 

+(l + lk,l’)(l + lkY12)sinh2~“l (17) 

This equation allows the intensity transmitted by the 
system to be determined. The resultant electronic 
signal observed at the detector will now be defined as 
the difference between the results of two measure- 
ments, the first taken with the optically active sample 
in the cuvette and the second with pure solvent, i.e., 
x = 0. Assuming that the system noise is dominated 
by photon noise, the noise cr, is proportional to the 
square root of the light intensity at the detector and 
inversely proportional to the square root of the 
integration time:3 * ‘I2 

o,=g ; 0 (18) 

In the present case the intensity can be presented 
generally as: 

1 =f(6, x)10 (19) 

and hence the signal-to-noise ratio becomes: 

S,N = wo)“2 If(6 X) -fut 011 
(20) 

g um XI +f(e, ON”* 

In order to optimize the detector in terms of the 
influence of 0 on S/N, the constant coefficient in 
equation (20) is unimportant. Further, we are con- 
cerned, in particular, with the signal-to-noise ratio at 
very small values of x. Hence it is useful to define a 
new parameter, the relative signal-to-noise ratio, r: 

c = lim 1 Ifa XI -m 011 
y-~ x u-v, XI +m WI/* (21) 
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Substitution of equation (17) into (21) gives 

r =$lr, II Yyl(1 - I~Xl*)“*(l - l$12P2 

sin 20 
x (fl + sin* @)I/* (22) 

where /I = c /( 1 - c). The relative signal-to-noise ratio 
is now differentiated with respect to 8: 

$) = IL II YylU - Ik,12P2U - Ik,I*Y'* 

X 
2(28 + 1) cos 28 - cos* 28 - 1 

(/3 + sin* Q))/* 
= 0 (23) 

which gives 

B,,, = f arc cos [2fi + 1 - 2JB(B+ill 

= arc tan E l/4 (24) 

The maximum value of r is obtained by substituting 
(24) into (22): 

rmax = I yx II yY I(1 - I k I 2)‘12U - I k, I *Y1*~~ 

= IL II ~~((1 - IkI*Y’*(1 - Iky12Y’* 

(25) 

EXPERIMENTAL 

The measurements were made by using the apparatus 
shown schematically in Fig. 2. The light-source was a 
sodium hollow-cathode lamp (Varian-Techtron) run at cu. 
5 mA. The polarizer and analyser were two identical 2-in. 
plastic square dichroics (Edmund Scientific Co., N.J.). The 
length of the sample cuvette was 8.3 cm and the sample 
was a 2% solution of sucrose, which gave a calculated 
optical rotation angle of 1.1”. The photomultiplier was a 
IP28 with a calibrated gain curve. 

Procedure 

With the sample cuvette removed, the extinction ratio of 
the polarizer-analyser pair was measured, giving c = 6.5 x 
10m4. The measurements were started by first crossing the 
polarizer and analyser, and recording the “blank” signal 
on a recorder. Then the sample cuvette was inserted into 
the light-path and the signal recorded again. This pro- 
cedure was repeated with intermittent rotation of the 
polarizer. The offset angles 0 were calculated from the 
equation derivable from equation (17): 

p = arc sin/m (26) 

Fig. 2. Block diagram of the polarimeter used in the 
present work. 

5’ 10' 

log 8 

Fig. 3. Relative signal-to-noise ratio as a function of the 
offset angle of the polarizer. 0: experimental points; -: 
calculated from equation (22) and scaled to fit the 

experimental points. 

where I, is the intensity measured with the offset angle 0, 
I, with the polarizer and analyser crossed and I,, with the 
parallel polarization axes. The noise was measured as the 
average peak-to-peak noise from the recorder tracing 
during a IO-see interval. 

RESULTS AND DISCUSSION 

The values of experimental signal-to-noise ratios 
plotted against log 0 are shown in Fig. 3, along with 
the theoretical relative signal-to-noise ratios cal- 
culated from equation (22). The theoretical curve is 
scaled to optimize the fit with the experimental 
points. The optimum offset angle 0,,, calculated from 
equation (24) is 9.07” and is marked in Fig. 3. The 
position of the optimum is very well matched by the 
experimenta! points, although the shapes of the 
observed and calculated curves differ somewhat. 

Equation (25) for the maximum value of r shows 
one of the results of present interest. The upper limit 
of r which is attainable by any real polarizer and 
analyser is unity. The inexpensive polarizer sheet used 
in this work had an extinction ratio of 6.5 x 10m4 
which gives r = 0.975, assuming that yX = yY = 1. Nat- 
urally there are losses represented by yl; and y,,, but 
equally there are reflection and aperture losses in the 
case of the much more expensive prism polarizers. 
Hence the unavoidable conclusion is that there is 
little point in investing in high-performance polar- 
izers when practically the same signal-to-noise ratio 
is obtained by using cheap plastic dichroic filters (or 
even reflection polarizers for work in the ultraviolet). 
It should be noted that this conclusion is strictly valid 
for shot-noise limited systems. For instance, in our 
system the change in the transmitted intensity is 
recorded as the sample is changed from optically 
active to inactive. The offset angle of the polarizer is 
maintained constant. With very small optical actjv- 
ities the changes in the intensity may be buried in the 
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flicker noise of the source. The signal-to-noise ratio avoided, since dichroics have a larger area and less 
can then be improved by modulating the offset angle, need for collimation. If measurement at a single 
as done by Yeung et al.’ With a high-grade polarizer wavelength is sufficient, a laser is an ideal light- 
the optimum modulation amplitude is small, and a source. 
non-mechanical and highly stable Faraday rotator 
can be used for modulation. With polarizers of low Acknowledgements-The authors are indebted to the 

quality the optimum modulation amplitude is large, National Sciences and Engineering Council of Canada and 

Faraday rotation cannot be used, and corresponding 
to the Finnish Academy for support of this work. 

demands are made on the mechanical or optical 
stability of the system. Thus high stability is the price REFERENCES 
to be paid for using cheap polarizers. 1. E. S. Yeung, L. E. Steenhoek, S. D. Woodruff and J. 

According to equation (20), the principal way to U. Kuos, Anal. Chem., 1980, 52, 1399. 

improve the signal-to-noise ratio is to increase the 2. J. J. Kankare and R. Stephens. Spectrochim. Acta. 

integration time or the source intensity, either directly 1980, 35B, 849. 

or by increasing the optical aperture. The latter 
3. H. V. Malmstadt, C. G. Enke and S. R. Crouch, 

Electronics and Instrumentation for Scientists, p. 410. 
option is more easily achieved if prism polarizers are Benjamin/Cummings, Calif., 198 1. 
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Summary-The reduction of Hg(I1) at a glassy-carbon electrode in various electrolytes has been studied 
by rotating ring-disc voltammetry. Reduction proceeds directly to metallic mercury in a single 2-electron 
step. However, at the foot of the wave, and only during the first reduction sweep after pretreatment of 
the electrode surface, a small amount of Hg(1) species is detected at the ring. The appearance of an Hg(I) 
intermediate is most pronounced in sulphuric acid solution. The reduction of Hg(II) is found to proceed 
irreversibly and to be of first order. At sufficiently negative potentials the reduction is convective-diffusion 
controlled. Stripping voltammetric experiments indicate that the dissolution of mercury gives Hg(II) in 
complexing electrolytes. In non-complexing electrolytes the initially formed Hg(II) reacts with mercury 
atoms on the electrode surface to give Hg(I). During electrodissolution, two stripping peaks may be 
observed as a result of underpotential adsorption of mercury on glassy carbon. The difference in peak 
potential between the adsorption (mono) layer peak and the bulk mercury peak has been related to the 
difference in work functions of the deposit (mercury) and substrate (carbon). A rotating glassy-carbon 
electrode has been used for the anodic stripping determination of mercury. When an appropriate amount 
of a cation such as cadmium(I1) or copper(U) is added to the test solution, mercury down to 2 x 10-9M 
(0.4 ng/ml) can be determined in acidified thiocyanate electrolyte with a relative standard deviation of 
about 22%. 

Several papers have dealt with the reduction of 
Hg(I1) at graphite electrodes.‘” With a freshly pol- 
ished electrode only a single reduction wave is ob- 
tained. From the standard potentials of the reactions’ 

2Hg*+ + 2e--+Hg!+ (1) 

Hg;+ + 2e -+2Hg (2) 

which are 0.920 and 0.789 V respectively, two individ- 
ual waves would be expected, and for the dis- 
proportionation equilibrium8 

Hg;+=Hg + Hg*+ 

we have K = 6.0 x 10m3. 

(3) 

As the stepwise reduction of Hg(I1) may result in 
production of the dimeric Hg(I), it seemed to us of 
interest to use a rotating ring-disc electrode system, 
which has been proved to be very efficient in detecting 
electroactive intermediates,6,9,‘0 to find whether this 
occurs. 

Mercury has widespread use in electroanalytical 
chemistry. In stripping voltammetry, a mercury film 
on solid electrodes offers great advantages and has 
been used in a large number of researches. However, 
the kinetics of electrodissolution of mercury itself 
from a solid electrode have received little attention 
and no unambiguous answer can be found to the 
problem of the oxidation state of the mercury ions 
formed in the process. The oxidation may produce 

only one of the two states, or both. The present study 
was undertaken to try to elucidate this problem and 
to obtain an insight into the kinetics of electro- 
dissolution of mercury. 

Anodic stripping (oxidation) of thin metal films 
from solid electrodes often shows two or even three 
dissolution peaks.‘0J2-‘5 The extra peaks at potentials 
which are more positive than the normal dissolution 
peak potential of the bulk metal, are generally due to 
dissolution of the deposited metal atoms in direct 
contact with the solid substrate electrode. 

If more than one extra dissolution peak is observed 
in addition to the bulk stripping peak, interaction of 
the atoms of the first monolayer with different sites 
on the electrode substrate is thought to occur.‘* 

Underpotential adsorption of mercury on glassy 
carbon has scarcely been studied. According to 
Dunsch,16 underpotential monolayer adsorption of 
mercury on glassy carbon can be observed, provided 
that the electrode surface is freed from “oxides”, 
which are characteristic for glassy carbon.‘“18 

As part of an extended study of the redox reactions 
of the Hg(II)/Hg(I)/Hg system on glassy carbon, the 
mercury monolayer adsorption behaviour was also 
investigated by the rotating ring-disc technique. 

Anodic stripping voltammetry (ASV) is a very 
suitable technique for determining metal ions at 
extremely low concentrations. The introduction of 
solid electrodes enables ASV to be used for the 
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determination of noble metals such as gold, platinum, 
iridium and mercury. The present work also deals 
with the determination of microamounts of mercury 
by ASV after deposition of this element on a rotating 
glassy-carbon disc electrode. To enhance the sensi- 
tivity and reproducibility of the analytical method, a 
second ion, e.g. Cd(II), was added to the test solution. 

EXPERIMENTAL 

Experiments were performed in 1M sulphuric acid, O.lM 
solutions of perchloric acid and nitric acid and O.lM 
solutions of sodium sulphate, potassium nitrate, sodium 
perchlorate and sodium thiocyanate at various pH values. 
Solutions were prepared from analytical grade reagents 
(Merck) and water freshly generated by a Milli-Q system 
(Millipore Inc.). A O.lM standard Hg(II) solution was 
prepared from the nitrate. This solution was stabilized by 
addition of enough concentrated nitric acid to give a final 
acid concentration of O.lM. 

Home-made ring-disc electrodes with a glassy carbon 
(GC) (Tokai Electrode Mfg. Co., Tokyo) disc and a gold or 
platinum ring were used. The dimensions were 0.249 and 
0.225 cm for the disc radii, 0.270 and 0.246 cm for the inner 
ring radii and 0.301 and 0.268 cm for the outer ring radii, 
the first value referring to the gold system and the second 
to platinum. This gives a theoretical collection efficiency,19 
No, of 0.25 for the gold-GC electrode and 0.21 for the 
platinum_GC electrode. 

The cell consisted of a Teflon vessel of about 150 ml 
capacity in which the rotating ring-disc electrode was 
centrally placed. A platinum auxiliary electrode was placed 
in a compartment separated from the cell by a fritted glass 
disc. A saturated calomel electrode (SCE) was connected to 
the cell by means of a U-tube and a salt bridge, filled with 
saturated potassium chloride solution and the cell solution 
respectively. All potentials are referred to the SCE. Experi- 
ments were performed at 25.0 + 0.1”. 

Electrode rotation was achieved by a Brion-Leroux motor 
(Birotax, Type I) and the speed controlled by means of a 
proximity probe (Philips PR 9373) and frequency meter 
(Philips PM 6601). 

Potential control was maintained by means of a GSATP 
Tacussel sweep generator and a BI-PAD potentiostat. 
Curves were recorded on a Hewlett-Packard X-YY 
recorder, Model HP 7046 A. 

Standard metallographic procedures were used for polish- 
ing the electrode. Final polishing was done with 0.05~pm 
alumina on Buehler microcloth to a mirror-like finish. 
Ultrasonic cleaning served to remove any alumina or other 
impurities that might adhere to the electrode surface. 

The electrochemical pretreatment of the glassy-carbon 
disc consisted of continuous cycling of the potential between 
fixed values (in the range from - 1.5 to 1 V) in the working 
electrolyte at a sweep-rate of 0.1 V/set until a reproducible 
and very low background current was obtained. The ring 
was pretreated in the same way. During this pretreatment 
nitrogen containing < 1 ppm of oxygen was passed through 
the cell solution. After the electrode activation period, a 
nitrogen atmosphere was maintained above the cell solu- 
tion 

Experiments at the disc were started from an initial 
potential positive enough to avoid Hg(I1) reduction, the 
potential being made more negative. The ring potential, Es, 
was held at a value sufficiently positive to ensure a 
convective-diffusion controlled oxidation of any Hg(1) ions 
leaving the disc electrode. 

Stripping experiments at the disc were performed by 
switching the potential of the disc to the desired deposition 
potential, Ed_. After the deposition, the disc potential was 
scanned linearly in the anodic direction and the mercury 

dissolution curve (disc) and collection curve (ring) were 
recorded. 

RESULTS AND DISCUSSION 

Reduction of Hg(II) 

Figure 1 shows the voltammetric curves for the 
reduction of 0.99mM Hg(II) in 1M sulphuric acid at 
a glassy-carbon disc, and the corresponding ring 
current at E, = 1.4 V, where the only possible reac- 
tion is the oxidation of Hg(1). A substantial oxidation 
current at the gold ring was observed during the first 
voltammetric curve recorded with a newly polished 
and activated electrode. This ring current first in- 
creases with decreasing disc potential and then drops 
to zero. This means that Hg(1) is produced at the disc 
surface or in the adjacent solution layer in a restricted 
potential range, at the foot of the reduction wave of 
Hg(II) at the disc. Subsequent scans obtained without 
reactivating the electrode surface produced much 
lower amounts of Hg(1) (Fig. 1). 

At potentials more positive than that giving the 
current maximum for the oxidation of Hg(I) at the 
ring, ZR,M, ZR increases proportionally with the disc 
current Zn and obeys the equation 

ZR = N, I, (4) 

This means that the production of Hg(1) probably 
occurs according to equation (1). Once the current 
maximum at the ring is reached, the disc current 
starts rising more steeply and Z,/Iu becomes smaller 
than N,,. Finally the ring oxidation current drops to 

zero. 
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Fig. 1. Current-potential curves for the reduction of 
0.99mM Hg(I1) in IM H,SO, at a glassy-carbon disc (a), 
and corresponding curves for the oxidation of the inter- 
mediate Hgi+ at the gold ring (b), as a function of the disc 
electrode potential. Es = 1.4 V vs. SCE; o = 157 rad/sec; 
tl = 0.01 V/set. (1) Obtained during first scan with freshly 

pretreated electrode; (2) second and subsequent scans. 
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Fig. 2. Plot of the maximum current for_the oxidation of 
H&+ at the ring. I a,,, plotted against ,/w, for 1M H,SO, 

medium; cHg,,,, = 0.50mM; Ea = 1.4 V vs. SCE. 

The variation of the current maximum for the 
oxidation of Hg(1) at the ring, &, with the speed of 
rotation of the electrode, is represented in Fig. 2. The 
result is typical of a disc-electrode reaction controlled 
partially by mass transfer and charge transfer at the 
potential of the ring-current maximum. The sub- 
sequent beginning of the direct reduction of Hg(II) to 
metallic mercury prevents the full development of the 
first wave into a diffusion-controlled region at still 
more negative potentials. 

From an equation derived by Levich2’ for reactions 
that are controlled by mixed charge-transfer and 
diffusion kinetics, the standard heterogeneous rate 
constant for the Hg(II)/Hg(I) couple was calculated 
to be about lo-’ cm/set. Consequently the reduction 
of Hg(I1) to Hg(I) is highly irreversible. Plots of log 
[Z/(Z, - Z)] vs. potential are linear at potentials more 
positive than 0.4 V. Assuming a one-electron transfer, 
the transfer coefficient obtained from the slopes of 
these plots varies between 0.54 and 0.60. Here I,_ was 
taken as half of the limiting current for the sub- 
sequent reduction of Hg(I1) to metallic mercury at 
more negative potentials. This result is indicative of 
a first-order reaction in which soluble species are 
involved, according to the equation 

Hg(I1) + e --+Hg(I) (5) 

Production of Hg(1) during the reduction of Hg(I1) 
at glassy-carbon has also been observed in O.lM 
sulphuric acid, 1 M perchloric acid, 0.1 A4 nitric acid 
and 0.1 M sodium sulphate (pH = 2) media, but to an 
extent that is only a tenth or less of that in 1M 
sulphuric acid. The more pronounced wave of 
Hg(II)/Hg(I) reduction in l.OM sulphuric acid may 
result from the superior complexing properties of 
sulphate for mercury.2’ 

In sulphuric acid medium, specific adsorption of 
sulphate ions22 may increase the rate of the Hg(I1) 
reduction so that the Hg(II)/Hg(I) reaction is 
favoured by anion interaction with the transition 
state. 

Generally, the production of Hg(I) becomes less 

when the acidity of the solution decreases and it is 
possible that the activity of the glassy-carbon towards 
the Hg(II)/Hg(I) reduction decreases with increasing 
pH because of a change in the surface state of the 
glassy-carbon. This material has a redox potential 
which is pH-dependent23.24 owing to the electrode 
reaction of oxygen adsorbed on the surface or present 
in solution. 

In the case of O.lM sodium sulphate (pH = 2.0), 
the solubility of the Hg(1) generated is lower than 
that in 1M sulphuric acid.25 This could result in the 
formation of a precipitate on the electrode surface, 
and hindrance to detection of Hg(I) at the ring. At 
potentials more negative than that giving the current 
maximum at the ring, the direct reduction of Hg(II) 
to metallic mercury gradually replaces the one- 
electron transfer and the ring current drops to zero. 

Kinetic parameters for the reduction of Hg(I1) at 
disc potentials more negative than the potential at 
which ZR,M occurs at the ring, have been evaluated by 
the method of Frumkin and Tedoradze.26 Reciprocal 
currents, l/Z, recorded at constant potentials in the 
region preceding the limiting-current plateau, gave 
linear plots against the reckrocals of the square roots 
of the rotation rates, l/Jw. These plots were used to 
der@ the kinetic currents, I,., by extrapolation to 
l/J, = 0. These currents were used to calculate the 
apparent standard heterogeneous rate constant, k$,, 
at E” of the Hg(II)/Hg couple. In O.lM sodium 
sulphate solution (pH = 2.0) the value of kt,, obtained 
in this way was cu. 10e5 cm/set with an (tl = cathodic 
transfer coefficient) equal to 0.55. Thus the reduction 
of Hg(II) proceeds irreversibly. The observed de- 
pendence of the half-wave potentials on the rate of 
stirring was also indicative of an irreversible process. 

The linear dependence of l/Z on l/,/w points to a 
first-order reduction. The order of the reaction was 
also evaluated by the method of Frumkin and 
Tedoradze.26 

Their procedure is demonstrated in Fig. 3 which 
shows in addition to the limiting currents, I,, the 
currents at different potentials along the rising por- 
tion of the wave, as a function of w. The nature of 
the plot indicates that before the limiting plateau is 
reached, the electrode reaction is under mixed con- 
trol. 

The order, p, can be found by using the equation 

log (AC/BC) 

’ = log (AC/AB) (6) 

The reaction was found to be first-order, since p 
varied between 0.80 and 0.92 (O.lM Na,SO,, 
pH = 2). This confirms the ring-disc results and 
shows that the reduction to metallic mercury involves 
only one mercury atom: 

Hg(I1) + 2e -+Hg 

It was found that at sufficiently negative potentials 
the limiting reduction current, IL, at the disc was 
proportional to Jw (with zero intercept) for all 
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Fig. 3. I OS. & plot for the reduction of OSOmM Hg(II) 
at a glassy-carbon disc in 0.1 M Na, SO, (pH 2.0). Numbers 
indicate applied potential, V us. SCE; IL is the limiting 
current; Ik the cathodic kinetic current at 0.31 V obtained 

after extrapolation of l/1 to 0 = co. 

concentrations of Hg(I1). Thus the Levich equation2’ 
for a convective diffusion-limited process was obeyed. 

For O.lM sodium perchlorate and 1M potassium 
nitrate solutions we examined the influence of a 
change in pH on the reduction wave of Hg(I1). Both 
solutions responded in almost the same way. An 
increase in pH resulted in the appearance of two 
well-separated waves (Fig. 4); from about pH 3, the 

E,(V vs. SCE) 

50 

E,W vs. SCE ) 

Fig. 4. Current-potential curves obtained with a newly 
activated electrode for the reduction of OSOmlW Hg(II) at 
a glassy-carbon disc and corresponding curves for the 
oxidation of the intermediate, Hg(I), at the ring in O.lM 
NaCIO, at pH values of 2.0 (- x -), 3.9 (-•--) and 8.9 
(-_O-) as a function of the disc electrode potential. 

Ea = 1.4 V; o = 188 rad/sec; v = 0.01 V/set. 

original wave started to decrease and a second wave 
appeared, shifting to more negative potentials with 
increasing pH. At pH N 6 the first wave had almost 
vanished, while at pH 8-9 only the second wave 
remained (E,,2 N 0.07 V vs. SCE). When the pH was 
increased still further, this wave also disappeared. 

The ring current indicated that it was only during 
the second wave that Hg(1) ions left the disc, no Hg(I) 
being detected during the first wave. With increasing 
pH, the production of Hg(1) passed through a max- 
imum (at pH = 4-5). 

We believe that during the first reduction wave 
Hg2+ ions are reduced, but during the second wave 
HgOH+ and/or Hg(OH), are also reduced. The 
occurrence of these complexes is predicted by a 
Pourbaix diagram.28 With increasing pH, more 
Hg(OH)* is formed and more Hg(1) ions are pro- 
duced at the disc and detected at the ring. For 
example, at pH 2, the ratio of the amounts of free 
Hg2+ ions and Hg(OH), is about 100, while at pH 4, 
it is about 0.01.2s 

The decline of the ring current with increasing pH 
after reaching a maximum can have several causes. 
The Hg(1) ions formed at the disc may be trans- 
formed into polynuclear complexes29 which become 
more stable with increasing pH. On the other hand 
solubility limitations are also important, not only for 
Hg(OH)2 but also for the Hg(1) complexes. 

Oxidation of metallic mercury 

A survey of the literature data”,3w37 for electro- 
dissolution of mercury indicates that Hg(I1) ions are 
mainly formed as a reaction product in complexing 
electrolytes, whereas Hg(1) ions are found in non- 
complexing electrolytes. Some of these data are sum- 
marized in Table 1. There is one exception, however; 
according to Combet and Doz01,~~ electrodissolution 
of mercury in perchloric acid and nitric acid media at 
a glassy-carbon electrode produces only Hg(I1) ions.33 

According to Brainina,35 a linear relation is ex- 
pected between the anodic peak potential, Ep, of the 
metal-stripping curve and the logarithm of the poten- 
tial scan-rate, v. Such a relationship was found for 
mercury in various electrolytes. From the slope,38 the 

Table 1. Electrodissolution products of mercury at various 
electrodes in diverse electrolytes 

Mercury species 
Electrode Electrolyte formed Reference 

Platinum KNO,, HCIO, Hg(I) 30 
Glassy-carbon H, SO, Hg(I) II 
Platinum HCIO, Hg(I)’ 31 

Gold HNO,, H2S0, Hg(I) 32 
Platinum HCIO, Hg(II)t 31 
Mercury KSCN Hg(II) 33 
Graphite KSCN Hg(II) 34 
Graphite KSCN Hg(II) 35 
Glassy-carbon HCIO,, HNO, Hg(II) 36 
Mercury NaCN Hg(II) 37 

*Ed < 0.6 V. 
i&, < 0.85 V. 
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value of bn (/I = anodic transfer coefficient) was 
found to be 1.44 for O.lM sodium thiocyanate + 
O.OlM perchloric acid and 1.74 for O.lM perchloric 
acid media. Other values obtained are 1.31 for 1M 
sulphuric acid and 1.69 for O.lM acetate buffer (pH 
4.66). 

These results suggest that ions formed during the 
electro-oxidation must be Hg*+ (irrespective of the 
electrolyte used) if a reasonable value for /l is to be 
obtained.” 

However, ring-disc experiments in perchloric acid 
and sulphuric acid media have proved the existence 
of Hg:+ ions during electrodissolution. This finding 
is also in accordance with the experiments by Allen 
and Johnson.” The Hg(1) ions produced at the disc 
may react at a sufficiently positive potential at the 
ring to give Hg(II), or they may also react at a 
negative ring potential to give metallic mercury. This 
is shown in Fig. 5. The ring collection peaks at 1.4 V 
(oxidation) and - 0.2 V (reduction) are almost equal, 
indicating that the mercury deposited is stripped 
mainly as Hg(1). This is in contradiction to the results 
obtained from simple semilogarithmic analysis of the 
mercury ionization peak at the disc, as mentioned 
before. 

These conflicting experimental results can be ex- 
plained by assuming the occurrence of a special type 
of chemical reaction following the mercury electro- 
dissolution, which we will call “reproportionation”. 
The Hg(I1) ions first formed are supposed to react 
with unoxidized mercury atoms still present on the 
electrode surface, leading to the formation of Hg(1) 

_-JL 
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Fig. 5. Current-potential curves for electrodissolution of 
mercury at a glassycarbon disc and simultaneous collection 
of stripped mercury ions at the platinum ring of a rotating 
ring-disc electrode in 0.1 M HClO,. c,&(,,) = 5 ptM; deposi- 
tion time = 1 min; o = 188 rad/sec; Edep,= - 1.0 V; u = 0.1 

V/set; ER = ring potential; ED = disc potential. 

ions. This explanation is acceptable, as the value of 
the equilibrium constant, K, for the reaction 

Hg(II) + Hg = ZHg(1) (8) 

is 166,8 indicating that mercury(I) is the dominant 
species. These Hg(1) ions reach the surrounding ring 
electrode where they can be oxidized or reduced. 

This proposed reaction mechanism for mercury 
dissolution also explains why the stripping peak 
obtained with thiocyanate solutions (or generally 
with complexing electrolytes) is double the size of the 
dissolution peaks obtained in perchloric acid medium 
(or generally with non-complexing electrolytes). In 
non-complexing electrolytes, half of the mercury 
deposit may be stripped from the electrode surface 
in a non-electrochemical way, because of the 
reproportionation reaction. For a complexing elec- 
trolyte, however, our experiments indicate that the 
Hg(I1) ions newly formed at the electrode surface are 
involved in subsequent chemical reactions, stabilizing 
the Hg(I1) ions as complex ions. Investigations with 
an electrolyte solution of constant ionic strength 
containing xM sodium thiocyanate + (2 - x)M so- 
dium perchlorate + O.OlM perchloric acid suggest 
that Hg(SCN); is the primary product of mercury 
electrodissolution (0.1 < x < 2). The co-ordination 
number of 3 is derived from the dependence of the 
anodic peak potential on the thiocyanate concen- 
tration.” The co-ordination number is reported to be 
4 for the species present in the bulk of the solu- 
tion.3w The ability of complexed Hg(I1) species to 
oxidize mercury atoms is less than that of uncom- 
plexed or weakly complexed Hg(I1) ions. In complex- 
ing electrolytes, the absence of Hg(1) ions is also 
confirmed by ring-disc experiments. At the ring, only 
the reduction signal for stripped Hg(I1) ions can be 
obtained at sufficiently negative potentials. It is con- 
cluded that the complexing properties and concen- 
tration of the electrolyte are important in electro- 
dissolution of mercury. For example, at low 
hydrochloric acid concentrations, e.g., O.OlM, an 
oxidation as well as a reduction peak for Hg(1) ions 
produced at the disc can be observed at the ring. With 
increasing chloride concentration, both the dis- 
solution peak at the disc and the reduction peak at 
the ring grow, while the oxidation peak at the ring 
diminishes. This means that more Hg(I1) ions are 
produced instead of Hg(1) ions and that re- 
proportionation becomes less important because of 
the increased formation of Hg(I1) chloride com- 
plexes. At a hydrochloric acid concentation exceeding 
2M, the mercury dissolution peak reaches its max- 
imum value and no oxidation peak at the ring can be 
observed. This indicates exclusive formation of 
Hg(I1) ions at the disc. 

Figure 6 shows the voltammetric curves for the 
electrodissolution of mercury at the glassy-carbon 
disc and simultaneous collection (oxidation) of 
stripped mercury ions at the platinum ring of the 
rotating ring-disc electrode in O.lM potassium 



698 P. KIEKENS et al. 

*EP 

disk 

II. I 

, 

ring ,L IN*\) 

0.6 0.6 0.4 0.2 

E,(V vs. SCE) 

Fig. 6. Current-potential curves for the electrodissolution of 
mercury at a glassy-carbon disc and simultaneous collection 
(oxidation) of stripped mercury ions at the platinum ring of 
a rotating ring-disc electrode in O.lM KNO, + O.OlM 
HNO,. CHOW = 5 ph4; deposition time = 6 min; Edep = - 0.5 
V; E, = 1.4 V; v = 0.05 V/set; o = 188 rad/sec; En = disc 

potential. 

nitrate + O.OlM perchloric acid. At the disc, a small 
stripping current peak is obtained at more positive 
potentials, in addition to the large peak due to the 
electro-oxidation of the bulk deposit. The smaller 
peak is assumed to result from the oxidation of a 
monolayer of mercury atoms which are more tightly 
bound to the electrode surface. The stripping curve at 
the disc in Fig. 6 is obtained after 11 min of electro- 
lysis at a deposition potential of -0.5 V. More 
negative deposition potentials, e.g., - 1.0 V, appear 
to inhibit the formation of a mercury adsorption 
layer in which the mercury atoms are more firmly 
bound to the carbon surface. In all cases, it is 
necessary to keep the electrolysis potential for a 
sufficient time at a negative value to overcome the 
poor adhesion of the mercury atoms to the glassy- 
carbon surface (in agreement with the finding of 
Morcos).” 

For a close packed monolayer of mercury atoms, 
a total of 205 PC per cm2 of electrode surface is 
needed for the area under the stripping peak, as- 
suming a mercury atom radius of 0.15 nm,4’ and the 
exclusive production of Hg(I) ions during stripping. 
In O.OlM potassium nitrate + O.OlM nitric acid solu- 
tion the total charge associated with the adsorption 
peak (peak II in Fig. 6) may even exceed the 

theoretical charge for a monolayer. Simultaneously 
with the increase of the charge associated with the 
adsorption peak, there is a decrease in the difference 
of peak potential, AE,,, between the bulk and 
adsorption layer peaks (Fig. 7). 

For a theoretically complete monolayer, i.e., com- 
plete coverage of the electrode surface, 0 = 1, a value 
of 73 f 6 mV for AEp is found experimentally (Fig. 
7). The half-widthI 6 of the monolayer stripping- 
peak is 41 f 4 mV. According to Kolb et al., I3 the 
underpotential shift (AE,) is related to the difference 
in work function (A@) for the substrate atom (car- 
bon) and monolayer atom (mercury): 

AE,,=crAQ 

where tl = 0.5 V/eV. Reasonable values for @ (C) and 
@ (Hg) are 4.6 and 4.5 eV respectively,42,43 from which 
A.& is calculated to be 50 mV. This differs from the 
experimental value but the discrepancy may be as- 
cribed to the uncertainty of the value to be used for 
0 (C). The literature values refer to a well-outgassed 
polycrystalline material that is not subject to oxygen 
adsorption.” As glassy-carbon is supposed to be 
covered with oxide in the experiments performed, a 
somewhat higher value for m,(C) should not be 
excluded,45 resulting in larger AEP values. Deviations 
of AEp might also be due to specific interactions 
between monolayer and substrate,13 a roughening of 
the electrode surface (pretreatment), a difference in 
the value of the electrosorption oxidation state y and 
charge of the mercury ions,& co-adsorption of anions, 
or surface imperfections. I4 As mentioned previously, 
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Fig. 7. Charge (Qad,) under the adsorption layer peak US. 
underpotential shift AEp (see text) at a glassy-carbon disc 
electrode in O.lM KNO,+O.OlM HNO,. cuxu,,= 10pM; 
deposition time variable; other conditions as for Fig. 2; 
13 = assumed coverage of the glassy-carbon surface with 

mercury. 
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the area of the adsorption layer peak (Fig. 6) can 
correspond to a charge greater than that for a 
monolayer. Consequently more mercury atoms than 
can be accommodated in a monolayer may be inter- 
acting with the glassy-carbon surface. At the same 
time AE, decreases to a constant value of about 60 
mV (Fig. 7). With increasing deposition time and 
mercury(I1) concentration, AEP remains practically 
constant at 60 mV. Finally, the bulk stripping peak 
grows so that it interferes severely with (or even 
masks) the adsorption peak, and hence no further 
measurements of that peak are possible. The appear- 
ance of the monolayer adsorption peak depends on 
the deposition potential at which electrolysis takes 
place and is favoured by a negative deposition poten- 
tial (which, however, does not produce any significant 
reduction of hydrogen ions), e.g., -0.5 V for O.OlM 
potassium nitrate + 0.01 M nitric acid medium. 

Simultaneous reduction of hydrogen ions would 
inhibit the formation of a mercury atom layer with 
stronger binding between the metal and the electrode 
material. According to Combet and Doz01,‘~ the 
reduction of hydrogen ions might replace the reduc- 
tion of Hg(I1) ions at more active sites on the 
electrode. These sites act as places at which the 
tendency of the mercury atoms to form an adsorption 
layer is more pronounced. This might explain the 
limited appearance of a mercury adsorption layer as 
found for 0.1 M perchloric acid medium, and the 
absence of any adsorption peak at any deposition 
potential, for 1M perchloric acid medium. 

Any other ion deposited at the plating potential of 
the mercury ions acts in the same way as the hydro- 
gen ions, the adsorption peak completely disap- 
pearing with the addition of a sufficient concentration 
of the interfering ion, e.g., 1pM Cu(I1). In this case, 
the reduction of Hg(I1) may take place on the reduced 
copper atoms, which may explain the “support 
effect rr3,47,48 of ions such as copper and cadmium. 
Obviously this “support effect” enhances the anal- 
ytical possibilities of the carbon electrode.3.“,47.48 

Determination of mercury 

Glassy-carbon is a useful electrode material for 
mercury determination by stripping analysis. Amal- 
gamation of the electrode substrate by the deposited 
mercury, which occurs when gold or platinum elec- 
trodes are used, is avoided. 

Stripping experiments for mercury determination 
were performed with 0.1 M perchloric acid and 0.1 M 
sodium thiocyanate + 0.01 M perchloric acid media. 
These two solutions can be taken as typical of 
non-complexing and complexing electrolytes re- 
spectively. With O.lM perchloric acid it was found 
that the lowest detectable concentration of mercury 
was 7 x lo-‘M. Because of the weak adhesion forces 
between mercury and glassy-carbon,i5 the reduction 
and deposition of mercury from dilute solutions is a 
serious problem.16 This may be overcome by the 
addition of a known concentration of other metal 
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Fig. 8. Dependence of the electrodissolution peak current, 
I,, , on Hg(I1) concentration in 0.1 M HCIO, (-a-) and in 
1M NaSCN + 0.01M HClO, (- x -). u = 0.1 V/xc; 
w = 188 rad/sec; (-a---) Ed+, = - 1 .O V; rdcp = 24 min; 

(- x -) EdeP = - 1.5 V; rdeP = 16 min. 

ions to the sample solution. These metals are electro- 
deposited together with the mercury to be deter- 
mined. Various authors4”’ have found that the intro- 
duction of these auxiliary elements in sufficient 
amounts decreases the detection limit of the deter- 
mination, provided that they are oxidized (stripped) 
from the electrode surface at potentials more negative 
than the dissolution potential of the metal to be 
determined. Therefore metals such as copper, cad- 
mium and lead (electronegative elements) should be 
used for determination of mercury (an electropositive 
element). 

To detect very small quantities of mercury in 0.1 M 
perchloric acid medium, cadmium(I1) was added to 
the cell solution. The effect on the mercury dis- 
solution peak is clearly perceptible with about 10m6M 
Cd(I1). Optimal results are obtained in the 1-20pM 
cadmium(I1) concentration range. The effect of the 
co-deposition of cadmium allows mercury to be 
determined at concentrations of lo-‘M Fig. 8). 

The acidified thiocyanate medium was chosen for 
stripping experiments because of the excellent results 
obtained with it previously.48*52-54 Anodic stripping 
voltamperograms for mercury in O.lM sodium 
thiocyanate + 0.01 M perchloric acid solution con- 
taining Hg(I1) (5-70nM) and Cd(I1) (1pM) are 
presented in Fig. 9. A second ion [here Cd(II)] must 
be. added to the cell solution to make the detection of 
microamounts of Hg(I1) possible. Our results also 
indicate that a very negative deposition potential, 
e.g., - 1.5 V, is necessary to obtain a well-defined 
oxidation signal. This very negative electrolysis po- 
tential inhibits the deposition of copper. It is possible 
that the formation of a copper hydride is responsible 
for the difficulties encountered in Hg(I1) deter- 
mination in the presence of Cu(I1) ions at such 
negative deposition potentials. Cadmium(I1) is there- 
fore preferred as support ion for mercury deposition 
on glassy-carbon. Cd(I1) is also preferred to Cu(I1) 
for the detection of Hg(I1) because the copper electro- 
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Fig. 9. Current-potential curves for the anodic stripping of 
mercury at a glassy-carbon disc electrode in O.lM 
NaSCN+O.OlM HClO,. EdW= -1.5 V; t,,,=30 min; 
u = 0.1 V/set; w = 188 rad/sec; cHg(,,) = (1) 5 mM, (2) 10 

mM, (3) 20 mM, (4) 40 mM, (5) 70 mM. 

dissolution peak at -0.2 V may interfere with the 
mercury stripping peak at about 0.0 V. This is 
particularly true for very small Hg(I1) concentrations, 
since the Cu(I1) stripping peak resulting from a 
hundredfold or higher ratio of copper to mercury 
may partially mask the mercury stripping peak. 

The sensitivity for Hg(I1) achieved with the strip- 
ping voltammetric technique at glassy-carbon by 
using the support effect is 2 x 10e9M (0.4 ng/ml). A 
calibration curve is shown in Fig. 8, for a deposition 
potential of - 1.5 V, deposition time of 20 min, 
rotation of the electrode at 188 rad/sec and anodic 
sweep rate of 0.1 V/set, with 1 ~IW Cd(H) also present 
in the cell solution. At the detection limit the re- 
producibility of the determination was about 22%. 

According to Ulrich and Rtiegsegger,48 the de- 
tection limit for mercury at a carbon-paste electrode 
in O.lM potassium thiocyanate + 0.025M hydro- 
chloric acid containing 25 ng/ml copper(I1) is about 
1.25 x IO-‘M. The better results obtained in the 
present work may be due to the use of cadmium as 
support element for mercury deposition and to the 
rotation of the electrode during the whole experiment 
(deposition and stripping). 

According to Kendall 55 0.5 ppm (2.5 x 10m9M) 
mercury(H) can be determined in O.lM perchloric 
acid medium with a glassy-carbon electrode; Allen 
and Johnson” found the mercury detection limit to 
be 5 x lO-‘OM in l.OM sulphuric acid. They used a 
glassy-carbon rotating ring-disc electrode with a thin 
film of gold (two monolayer equivalents) electro- 
plated on the disc electrode. 
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Summary-The effects of various organic compounds on the differential-pulse anodic-stripping voltam- 
metric response at the in-situ plated mercury film electrode are explored. These effects vary from metal 
to metal and from one organic compound to another. The most pronounced effects are observed in 
measurements of copper. The main effect of the organic compound is to depress the peak current rather 
than change the peak shape or potential. The differences between the organic interferences observed at 
the mercury film electrode and those reported at the hanging mercury drop electrode are explained by 
the different morphology and geometry of the two electrodes. The implications of these interferences for 
the reliability and feasibility of stripping measurements in natural waters are discussed. Gelatin, camphor, 
humic acid, starch, agar, sodium dodecyl sulphate and albumin were used as representative organic 
compounds, and cadmium, lead, and copper as test metal ions. 

Stripping analysis and, in particular, differential- 
pulse anodic-stripping voltammetry (DPASV) have 
recently received much attention because of their 
great sensitivity for determination of several metals of 
environmental and biological significance.14 As a 
result of its inherent sensitivity, DPASV is widely 
used for direct measurements on various environ- 
mental samples. Such measurements are subject to 
interference from organic substances present in the 
sample, particularly surface-active compounds. The 
adsorption of organic compounds on the mercury 
working electrode may affect both the deposition and 
stripping steps, leading to a decrease or increase in 
the peak current and a shift in peak potential.5 Two 
comprehensive studies of the possible effects of 
organic compounds on the response of stripping 
voltammetry were made by Brezonik et a1.5 and 
Sagberg and Lund.6 Both studies employed the 
hanging mercury drop electrode and various repre- 
sentative organic compounds. 

The aim of the present study was to characterize 
the effect of model organic compounds on the 
DPASV response of the mercury film electrode 
(MFE). The inherent sensitivity, improved resolu- 
tion, and better mechanical stability of the MFE 
make it preferable in many practical situations.4 Of 
the various MFEs, the glassy-carbon electrode 
mercury-plated in situ seems to be the electrode of 
choice.7*8 It has been pointed out that organic com- 
pounds exhibit different effects on the stripping 
response obtained at the MFE and hanging mercury 
drop electrode.’ Such differences are to be expected, 
from consideration of the morphology and geometry 
of both electrodes. Microscopic examination” shows 
that the MFE consists of tiny mercury droplets, the 
dimensions and distribution of which depend on the 
deposition potential. Thus, not all the exposed car- 

bon substrate is coated with mercury, and the electro- 
active surface is a composite of mercury and carbon 
sites.” The additional carbon sites of the MFE may 
result in adsorption characteristics different from 
those of the homogeneous surface of the hanging 
mercury drop. The geometry of the two electrodes 
can also affect their filming by organic compounds. 
The hanging mercury drop, being deformable, can 
flex and continuously break and renew the surface.’ 
In addition, the continuously renewed surface of the 
in-situ plated MFE may alter the adsorption process. 
With the increasing use of the MFE, a detailed 
knowledge of the changes in its stripping response in 
the presence of organic compounds occurring in 
natural waters is required for understanding and 
minimizing the organic interferences. Thus systematic 
investigations in this field seem justified. 

EXPERIMENTAL 
Apparatus and reagents 

The electrochemical cell and the reagents have been 
described previously,12 except as noted. The working elec- 
trode was a thin mercury film deposited on a 0.20~cm 
diameter glassy-carbon disk. Measurements were made with 
a Sargent-Welch Model 4001 and EG&G PAR Model 174 
polarographic analysers. Solutions (200 ppm) of the organic 
compounds were prepared daily by dissolving the reagent 
grade materials at room or elevated temperature. Most 
samples were prepared in 0.1 M acetate buffer (PH 4.6). 
Various “real” samples, such as Las Cruces tap water and 
Rio Grande river water, were used. The river water sample 
was acidified to pH 1.3 with nitric acid, and 10 ml of the 
acetate buffer were added to 90 ml of the tap water. 

Procedure 

A 95-ml portion of the supporting electrolyte solution and 
5 ml of 1 x lo-‘M mercury solution were introduced into 
the cell. The mixture was deaerated by passage of nitrogen 
for 5 min, while the working electrode was kept at 0.0 V. 
The nitrogen delivery tube was then raised- above the 
solution, and a potential of - 1 .O V was applied while the 
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solution was stirred at 550 rpm. After 8 min, the potential 
was switched to 0.0 V and held there for 2 min. Following 
this, the electrode was ready for use in an analytical run. 
Background and sample measurements were made succes- 
sively, by applying a deposition potential of - 1 .l V for 2 
mitt, stopping the stirring, and after 15 set stripping the 
metals from the mercury by applying a differential-pulse 
anodic potential ramp, the scan being stopped at 0.0 V, after 
1 min the system was ready for the next cycle. The mercury 
film was removed at the end of the experiment by wiping 
with a soft tissue wetted with IM nitric acid. 

RESULTS AND DISCUSSION 

The differential-pulse stripping mode was em- 
ployed throughout most of this study, as it is widely 
used for ultratrace measurements on sea-water and 
known to be more susceptible to organic inter- 
ferences.13 Similarly, acetate medium (pH 4.6), com- 
monly used in environmental studies, was employed. 
Figures 14 show the effects of gelatin, humic acid, 
camphor and starch, respectively, on the stripping 
response for cadmium, lead and copper. It is obvious 
that the effect of the organic compounds varied from 
metal to metal and from one organic compound to 
another. In all cases, the copper peak was most 
severely affected. The copper peak-current continued 
to decrease with increasing concentration of the four 
organic compounds; at the 15ppm level of the 
organic material, the copper peak was depressed by 
15-70x. 

The addition of gelatin (Fig. 1), a known maximum 
suppressor in polarography and a representative col- 
loidal protein, only slightly affects the lead peak. Six 
ppm of gelatin will depress the cadmium peak-current 
by 40% but further addition (up to 18 ppm) causes no 
further decrease. A 55% depreciation of the cadmium 
peak was observed when the hanging mercury drop 
electrode was used following the addition of 20 ppm 
gelatin (at pH 3).5 A 70% reduction of the copper 
peak-current is observed at the Id-ppm gelatin level. 
Humic acid (Fig. 2) depresses the peak-current for all 
three metals: a slight (20% at the 15-ppm humic acid 
level) and gradual decrease is observed for the cad- 
mium peak; the lead peak-current decreases sharply 
(35%) on addition of 3 ppm humic acid, and then 
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Fig. 1. Effect of gelatin on the determination of Cd, Pb, and 
Cu by DPASV at the MFE. Conditions: 3 min deposition 
at - 1.1 V with stirring at 550 rpm. Pulse amplitude, 50 mV; 
scan-rate, 1.0 V/min. 1.1 x IO-‘M Cd, 1.0 x IO-‘M Pb, 

1.5 x IO-7M cu. 
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Fig. 2. Effect of humic acid on the determination of Cd, Pb, 
and Cu by DPASV at the MFE. Conditions as in Fig. 1. 

‘. 
-‘.” Cd 

u 
CU 

I I I c 
0 5 10 15 

Camphor cont. (mg/l.l 

Fig. 3. Effect of camphor on the determination of Cd, Pb, 
and Cu by DPASV at the MFE. Conditions as in Fig. 1, 

except that the Cu concentration was 1.4 x IO-‘M. 
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Fig. 4. Effect of starch on the determination of Cd, Pb, and 
Cu by DPASV at the MFE. Conditions as in Fig. 1, except 

that the Cu concentration was 1.3 x IO-‘M. 

only slightly with further humic acid; the copper peak 
progressively decreases (by 85% with 15 ppm humic 
acid). As humic acid is a natural chelating agent, as 
well as a surface-active compound, part of the peak 
depression may be due to complexation of the metal 
ions. Thus, it is very difficult to distinguish between 
the effect of complexation and of adsorption, unless 



strongly acidic conditions-so that no complexation 
occurs-are employed (or when the peak current in 
the presence of surfactants is independent of pH6). 
The situation may be further complicated when the 
adsorbed organic species participates in the complex- 
ation reaction.14 Because of these combined effects, it 
is important to re-emphasize the danger inherent in 
the use of stripping analysis for characterizing metal 
binding by organic chelating agents. Additional 
information on the effects of humic acid may be 
obtained from the shape of the stripping peaks and 
standard-addition data, as will be described later. 

served in this study was that only minor changes in 
the stripping-peak shape or potential accompanied 
the changes in magnitude of the peak current (caused 
by the organic compounds). Figure 5 shows stripping 
voltamperograms for cadmium, lead, and copper 
obtained in the absence (a) and presence (b) of 
different organic compounds: camphor (A), humic 
acid (B), and gelatin (C). These compounds do not 
affect the shape and potential of the lead and 

Camphor (Fig. 3) has only a slight effect on the 
cadmium and lead peak-currents and a pronounced 
effect (45% depression for 15 ppm camphor) on the 
copper peak. The addition of starch (Fig. 4), a 
representative polysaccharide, causes approximately 
40% increases in the cadmium and lead peaks, and a 
15% decrease in the copper peak. With the hanging 
mercury drop and pH 3, no change in the cadmium 
and lead response is observed.5 

C 

T 0.6/~&t 

The effect of varying the organic compound con- 
centration in the &15 ppm range was also evaluated 
for agar, sodium dodecyl sulphate and albumin (not 
shown; conditions as in Fig 1). Addition of 8 ppm of 
the polysaccharide agar caused 4&60% increases in 
the three metal peaks, but further addition up to 15 
ppm caused no further change. With the hanging 
mercury drop electrode and pH 3, agar causes no 
change in the cadmium and copper response.’ The 
addition of 6 ppm of the anionic surfactant sodium 
dodecyl sulphate did not alter the lead and cadmium 
peaks, but addition of 10 ppm caused a 75% depres- 
sion of these peaks. In contrast, the copper peak 
gradually decreased (up to 40% depression at the 10 
ppm sodium dodecyl sulphate level) with successive 
additions of the surfactant. Significant peak-current 
depressions (- 80% of the copper peak, - 65% of the 
cadmium and lead peaks) were observed on adding 1 
ppm of albumin-another model high molecular- 
weight organic compound. Further additions of albu- 
min, up to 10 ppm, caused only slight (- 5%) further 
depression in the responses. As in the case of humic 
acid, part of this depression is attributed to complex- 
ation by the albumin binding sites. 

For most of the organic compounds discussed 
(except albumin and sodium dodecyl sulphate) the 
adsorption phenomenon did not vary with time. Four 
successive runs at each concentration of the organic 
compound yielded relatively reproducible stripping- 
peak currents. This is in contrast to the effect 
frequently observed for surfactants, that successive 
voltamperograms, i.e., increased contact time with 
the solution, show progressive decrease in the peak 
height, owing to gradual blocking of the electrode 
surface.15 The relatively stable response observed in 
this study may be a feature of the in-situ plated MFE, 
at which a continuously renewed surface is main- 
tained. 

- _ 

Fig. 5. Stripping voltamperograms for 1 x 10m7M Pb and 
Cd, and 1.3 x IO-‘M 01, obtained in the absence (a) and ,.. ^^ 
presence (TV) ot Y ppm camphor (A), humic acid (B), and * . . I_\ _ . . -. gelarm (L). Lonamons as m Mg. 1. Another interesting response characteristic ob- 
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cadmium peaks. In contrast, significant broadening 
of the copper peak (width at half-height doubled 
from 35 to 70 mV) is observed in the case of gelatin 
and humic acid. In the humic acid experiment, the 
copper-peak broadening is accompanied by a slight 
(30 mV) cathodic shift in the potential. Such a shift 

may be attributed to complexation rather than to 
sorption. The addition of starch, agar and sodium 
dodecyl sulphate to 1 x IO-‘M cadmium, lead and 
copper solutions did not change the shape and 
location of the stripping peaks (not shown; condi- 
tions as for Fig. 5). The relatively minor changes in 
the peak shape and potential indicate that the main 
effect of surface-active organic compounds at the 
in-situ plated MFE is to hinder the transport of the 
metals to the surface during the deposition step (and 
thus to change the magnitude of the peak current). 
Except for the copper peak, no effect on the revers- 
ibility of the stripping reaction was observed. This is 
especially important, as the differential-pulse strip- 
ping response is known to be more sensitive to small 
changes in the rate of the electrode reaction. The 
differential-pulse mode is known also to yield organic 

I -, 

-0.4 -0.8 

E(V) 

I 

’ I 
(B) 

adsorption/desorption peaks; such peaks were not 
observed for the compounds tested in this study. 
Some of these observations may be features of the 
in-situ plated MFE. 

From the analytical point of view, certain organic 
interferences can be corrected by using the standard- 
addition procedure. This correction is valid when the 
interferent changes the slope of the calibration graph 
(which must be linear), and in effect a calibration 
specific for the interferent concentration present can 
be obtained by spiking the sample with aliquots of 
standard metal solution. For example, Fig. 6A shows 
that the standard-addition method can compensate 
for the decrease in the stripping-peak currents caused 
by the addition of gelatin to a tap water sample: the 
response after the addition of known amounts of a 
metal is proportional to the added metal concen- 
tration. However, when the fraction of the electrode 
area covered by the organic compounds progressively 
increases with time or a slow metal-organic com- 
pound combination occurs, the standard-addition 
method would not correct for the peak depression. 
For example, non-linear responses were obtained 

I 
I 
l-12 

I 8 
I 

E(V) 

Fig. 6. Differential pulse voltamperograms for (A) tap water and (B) river water samples. (a) Samples 
spiked with Cd (1 x lo-‘M) and Pb (7 x IO-*M (A), and 1 x 10m7M Cd and Pb (B); (b) same as (a), but 
after addition of 10 ppm of gelatin (A) or humic acid (B); (c) and (d), same as (b) but after addition of 
(c) 1 x IO-‘M and (d) 2 x IO-‘M Pb and Cd. Conditions, 1 (A) or 2 (B) min deposition at - I. 1 V, with 
stirring at 550 rpm. Pulse amplitude, 25 mV; scan-rate, 5 mV/sec. Also shown are the resuhing calibration 

plots based on the data for (b)(d). 
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following successive additions of aliquots of standard 
metal solution to samples containing 10 ppm sodium 
dodecyl sulphate and humic acid (not shown). When 
metal-organic compound combination is responsible 
for the non-linearity, lower pH values may be used to 
prevent the complexation (however, because of the 
suppressive effect of chloride on copper stripping 
peaks I6 hydrochloric acid should not be used for 
acidifiing acetate media). Figure 6B illustrates this 
approach for a river water sample that had been 
acidified to pH 1.3 (as in the usual preservation 
procedures) and then spiked with humic acid, cad- 
mium and lead. The stripping peaks for the solutions 
containing standard additions of cadmium and lead 
are proportional in height to the added metal concen- 
trations and though the slope for the lead response is 
lower than that in the absence of humic acid (cJ 
curves a and b), that for cadmium is not affected by 
the humic acid. However, for convenience and to 
avoid erroneous conclusions, especially when analys- 
ing organic-rich water samples, e.g., inshore or near- 
shore waters, waste-water or sewage, it is best to 
destroy the organic matter beforehand by ultraviolet 
radiation.4 
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Summary-A study was undertaken to determine the interfering effects of arsenic, bismuth, germanium, 
lead, selenium, tin and tellurium on trace determination of antimony by atomic-absorption spectrometry 
with hydride-generation. A 1% NaBH, solution was used as reductant and a small amount of oxygen was 
added to the hydrogen produced, to support the combustion and atomization of SbH,. The interference 
from selenium in the determination of antimony is removed if potassium iodide-ascorbic acid solution 
or copper sulphate is added to the sample solution. The interference of tin and tellurium can also be 
avoided by adding potassium iodide-ascorbic acid solution. A possible interference mechanism is 
discussed. 

Interferences caused by a number of metal ions are a 
serious problem in the practical use of the hydride- 
generation method in the atomic-absorption deter- 
mination of volatile hydride-forming elements (the 
most studied are As and Se).‘-* The interference 
studies in the literature fall into two groups: (a) those 
on elements predominantly in the periodic groups 
VIII and Ib (especially Cu, Ni, Pd and Pt) and (b) 
those on the mutual interactions of the elements 
forming volatile hydrides. Most papers deal with the 
first type of interference, but relatively little informa- 
tion is available on the second, especially in the 
determination of antimony. 

Standard tin(D) stock solution (1000 pgcgiml). Prepared by 
dissolving I JO0 g of metallic tin in 200 ml of concentrated 
hydrochloric acid and diluting to 1 litre with water. 

Standard lead(If) stock solution (loo0 pggiml). Prepared 
by dissolving 1.598 g of Pb(NO,), (Merck, analytical grade) 
and diluting to 1 litre with water. 

Standard bismuth(M) stock solution (loo0 pggiml). Pre- 
pared by dissolving 1.115 g of B&O, (Merck, analytical 
grade) in 50 ml of concentrated hydrochloric acid and 
diluting to 1 litre with water. 

Standard tellurium(IV) stock solution (1000 pglml). Pre- 
pared by dissolving 1.000 g of tellurium in a mixture of 15 
ml of concentrated hydrochloric acid and 5 ml of concen- 
trated nitric acid and dilution to I litre with water. 

The aim of the present work was to study this 
second aspect in the determination of antimony by 
the hydride-generation atomic-absorption method 
originally developed by Siemer and Hagernan’ for 
selenium determination, and in particular to find 
methods for removing the interferences. In addition, 
possible interference mechanisms were considered. 

Standard germanium(IV) stock solution (1000 pgglml). 
Prepared by dissolving I.441 g of GeO, (Merck, analytical 
grade) in a mixture of 15 ml of concentrated hydrochloric 
acid and 5 ml of concentrated nitric acid and diluting to 1 
litre with water. 

Standard potassium iodide stock solution (I M). Prepared 
by dissolving 16.6 g of potassium iodide (Merck, analytical 
grade) and 2.0 g of ascorbic acid in 100 ml of water. 

Standard copper(H) stock solution (5OOOpg/ml). Prepared 
by dissolving 3.140 g of CuSO, (Merck, analytical grade) in 
250 ml of water. 

EXPERIMENTAL Apparatus and method 

Reagents 

Distilled and demineralized water was used throughout. 
Sodium borohydride solution, 1%. Prepared weekly, and 

stabilized by addition of one pellet of potassium hydroxide 
per 100 ml.‘O 

Standard antimony(III) stock solution (loo0 pglml). Pre- 
pared by diluting a “Titrisol” solution (Merck) containing 
1.000 g of antimony (as SbCl,) to 1 litre with 5% w/v 
hydrochloric acid. 

A Pye Unicam SP 9-800 atomic-absorption spectrometer 
equipped with an SP 9 computer, hollow-cathode lamps, a 
conventional deuterium-lamp for background correction, 
and a hydride generator and atomization unit were used in 
the determinations.9.i’ The hydride generator and atom- 
ization unit was attached in place of the burner of the 
spectrometer. Table 1 shows the instrumental parameters of 
the spectrometer. Deuterium-lamp background correction 
was used for each measurement. 

Standard arsenic(M) stock solution (1000 pgglml). Pre- 
pared by dissolving 1.320 g of As,O, (Merck, analytical 
grade) in 50 ml of concentrated hydrochloric acid and 
diluting to 1 litre with water. 

Standard selenium(W) stock solution (1000 pgglml). Pre- 
pared by diluting a “Titrisol” solution (Merck) containing 
1.000 g of selenium (as SeO,) to 1 litre with water. 

Table 1. Spectrometer settings used for the Sb absorbance 
measurements 

*To whom correspondence and requests for reprints should 
be addressed. 

Wavelength 
Lamp current 
Band-width 
Integration time for peak area 
Recorder sensitivity 
Chart speed 

217.58 nm 
10.0 mA 
0.2 nm 
20 set 

5-20 mV 
10 mm/min 

709 
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Hydrogen was used as the carrier gas at a flow-rate of 
1.1-1.2 l./min to flush the generated hydrides into the 
atomization tube. A small hydrogen-oxygen flame was 
ignited inside the quartz tube to support the combustion and 
atomization of the hydrides. A safe oxygen flow-rate was 
50-60 ml/min. The excess of hydrogen was burned at the 
ends of the quartz tube. 

The specimen (volume 4 ml) was added to the hydride- 
generation cell with an injection syringe, and reductant with 
a Socorex sampler (volume 5 ml). A load of about 0.5 kg 
was attached to the piston of the sampler to keep the 
addition rate constant. The hydride-generation cell was 
washed with about 10 ml of distilled and demineralized 
water between successive injections. 

The absorbance measurements were begun after the flame 
had burned for at least 10 min. The peak area was used for 
measurement, and each sample was analysed 3-5 times. 
When the excess of hydrogen was burned at the ends of the 
quartz tube, it caused a small signal. The area of this signal 
for a blank run with 5M hydrochloric acid was measured 
and always deducted from the measured antimony signals. 
The reading cycle was induced manually. The background 
absorption of the antimony signals was low and sym- 
metrically distributed around the peak, which permitted 
automatic induction of the reading cycle. 

Procedures 

Effect of HCI on antimony &termination. The effect of the 
concentration of hydrochloric acid on the antimony atomic- 
absorption signal was investigated with 20-pg/l. antimony 
solutions over the hydrochloric acid concentration range 
1-12M. 

Interference studies. The solutions to be measured (and 
working standards) were prepared from the standard solu- 
tions by dilution with 5M hydrochloric acid. Two series of 
test solutions were always prepared, with antimony concen- 
trations of (a) 20 and (b) 50 ug/l., and the interfering 

2 4 6 6 10 12 

c HCI ( M’ 
Fig. 1. The effect of HCI on the determination of antimony. 

element at 0, 100, 250, 500, 1000, 2000 and 4000 ug/l. 
concentration. 

Masking studies. To the solution containing Sb(II1) and 
the interfering ion, 1 ml of 1M potassium iodide or 5% 
copper solution was added in the hydride-generation cell 
just before the addition of the sodium borohydride. 

RESULTS AND DISCUSSION 

We have recently reported on the performance of 
the apparatus and procedure.” The optimum range 
extended from 1 to 50 ug/l., the calibration curve then 
being linear. The detection limit was found to be 
about 0.5 ug/I. (taken as the mean value of the blank 
signal plus three times its standard deviation) and the 
slope of the calibration curves (absorbance vs. weight 
of Sb) 4.4 ugg’. The peak-area was found to give 
greater sensitivity than the peak-height. With peak- 
area detection the relative standard deviation varied 

Table 2. Influence of various interfering elements on the determination of antimony, and 
the effect of maskina agents 

Lsbl 

Relative intensities of the Sb signals (%) 
at various interferent concentrations 

L ’ pg/i. Masking agent 0* lOO* 250* 500* 

Pb 20 
50 

Bi 20 
50 
20 
50 

As 20 
50 

Te 20 
50 
20 
50 

20 
50 

20 
50 
20 
50 
20 
50 

Sn 20 
50 
20 
50 

100 
100 

100 
100 
100 
100 

100 
100 

100 
100 
100 
100 

100 
100 

100 
100 
100 
100 
100 
100 

100 
100 
100 
100 

102 101 
99 99 

102 
100 

1000* 2000* 4000’ 

102 
100 

100 
100 

101 
99 

Interferent 

Ge 

Se 

KI-ascorbic acid 
KI-ascorbic acid 
- 

- 
cuso, 
cuso, 
KI-ascorbic acid 
KI-ascorbic acid 

KI-ascorbic acid 
KI-ascorbic acid 

100 99 93 93 89 87 
100 99 97 94 90 88 
100 100 100 98 96 94 
100 100 100 98 97 96 

99 91 82 77 66 49 
99 92 86 78 67 50 

98 90 79 67 61 56 
98 91 80 69 63 57 
99 98 95 93 96 97 

100 99 97 93 95 96 

98 90 76 62 50 40 
98 91 76 62 51 42 

99 86 66 54 43 35 
98 87 68 56 46 36 

100 100 100 99 96 92 
100 100 99 101 102 103 
100 101 101 100 100 101 
100 100 101 101 100 101 

91 80 61 11 9 9 
93 87 67 12 8 8 

100 103 99 103 102 101 
103 102 104 103 102 96 

*Concentration of interferent (pg/l.) 
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Fig. 2. The effect of Sn on the determination of Sb (0: Sb 20 ng/ml and 0: Sb 50 ng/ml), and Ge on 
the determination of Sb (0: Sb 20 ng/ml and n : Sb ng/ml). 

between 2 and I%, depending on the antimony 
content and the nature of the matrix. 

Figure 1 shows that the hydrochloric acid concen- 
tration has only a small effect on the determination; 
the optimum is in the range 4-8M and 5M acid 
medium was therefore selected. 

Table 2 shows the influence of the different ele- 
ments forming volatile hydrides, on the deter- 
mination of antimony(III). All those studied, except 
bismuth and lead, strongly interfere by decreasing the 
absorption signal for Sb, the interference increasing 
in the order Pb<Bi<As<Te<Ge<Se<Sn. 
Lead has practically no effect at all, and for the others 
(except Bi) the interfering effect becomes noticeable 
only when the concentration of the interfering cation 
is above 100 pg/l. The same effect is obtained at two 
different Sb concentrations (20 and 50 ug/l.), and the 
interference seems to be independent of the 
analyte/interferent ratio and to depend only on the 
concentration of the interfering element. On the other 
hand, in consideration of the mechanism, the number 
of atoms of analyte and interferent must be com- 
pared, so the concentrations of analyte and inter- 
ferent must be translated into molarities. Figure 2 
shows, for example, the interference of Sn and Ge at 
two different Sb concentrations. The shapes of the 

curves are similar in both cases but the degree of 
interference is greater for the greater Sb concen- 
tration. 

Antimony also influences the determination of the 
other elements forming volatile hydrides, as illus- 
trated in Fig. 3. Its effect on the determination of Se 
is considerably less pronounced than that of Se on Sb 
determination, whereas it has a greater effect on 
determination of As than As has on determination of 
Sb. 

A possible explanation for the mutual interference 
is a competitive reaction between the reducing spe- 
cies. NaBH, decomposes in acidic solutions to give 
H,BOj and H,, and if most of the reductant is 
consumed in this way, only a limited amount will be 
available for the production of hydrides. If there is 
more than one hydride-forming element in the test 
solution, the reductant should be consumed predom- 
inantly by the element which reacts fastest with it. If 
this explanation is correct, the most severe signal 
suppressions can be expected for slowly reacting 
analyte elements in the presence of interfering ele- 
ments that react more quickly. Figure 4 superimposes 
the absorption signals obtained for Sb(III), As(II1) 
and Se(IV) as a function of time elapsed after addi- 
tion of the reductant. Sb(II1) and Se(IV) seem to react 

Fig. 3. The effect of Sb on the determination of Se (O), As on the determination of Sb (n), Sb on the 
determination of As (A), Se on the determination of Sb (0). As on the determination of Se (m), and 

Se on the determination of As (A). The concentration of the analyte was 50 ng/ml in each case. 
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r SbtIIIl 

Se(IW 03 ArlIII) 
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01 
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0 4 8 12 16 20 

Time (set) 

Fig. 4. Superimposed recorder tracings for 5 ng/ml As(III), 
5 ng/ml Sb(III), and 10 ng/ml Se(IV) in 5M HCI. Chart- 

speed 300 mm/min. 

at practically the same rate, and As(II1) a little more 
slowly. If the competitive reaction theory is correct, 
the mutual interferences between Sb and Se should be 
about the same, and the depressive influence of these 
faster reacting elements on determination of the 
slower reacting As should be more pronounced than 
that of arsenic on their determination. From the 
results shown in Fig. 3 it seems likely that com- 
petition is not the reason for the effect, since the effect 
of Se on Sb is much greater than that of Sb on Se. 
Further, a simple calculation shows that the reduc- 
tant is present in very large excess, so hydride gener- 
ation should be complete anyway. 

Dedina and Rubeska12 have shown that the atom- 
ization of selenium hydride is not caused by thermal 
decomposition but by free radicals generated in the 
reaction zone of the diffusion flame. They also used 
a system with atomization of gaseous hydrides in an 
extremely fuel-rich hydrogen-oxygen flame burning 
inside an unheated quartz tube. The probability of 
formation of free atoms from the hydrides is propor- 
tional to the number of collisions with free H atoms 

and OH radicals. Welz and Melcher’ have in- 
vestigated the decomposition mechanism of selenium 
and arsenic hydrides in a heated quartz-tube atomizer 
and concluded that the atomization under these 
conditions is also due to collisions with free radicals. 

If this free-radical mechanism occurs, there might 
often be conditions in which there is a lack of 
radicals. Then if the decomposition rate of the vari- 
ous hydrides were the same, the ease of volatilization 
of the hydrides would be the decisive factor, since the 
hydrides volatilized first would decrease the number 
of radicals, so that there would be insufficient radicals 
to cause the quantitative atomization of hydrides 
volatilized later. If this explanation is correct, the 
effect of Se and Sb on the As signal should be 
stronger than that of As on their signals, and that of 
Sb on Se similar to that of Se on Sb. Again the Sb/Se 
system gives anomalous results (Fig. 3). Thus, ac- 
cording to our findings there might also be differences 
in decomposition rates of the different volatile hy- 
drides and/or interactions between the hydrides in the 
gas phase. On the other hand, it can be expected that 
the mutual interference described above will depend 
on both the molar concentration of the interfering 

hydride which consumes radicals, and its molar con- 
centration ratio to the analyte hydride, since the 
degree of interference caused by a given number of 
interferent atoms is the greater, the smaller the 
number of analyte atoms (Fig. 2). However, the 
degree of interference, as well as the acidity required, 
also depends on the structure of the apparatus. 

When the mutual interference of the volatile hy- 
drides occurs in the gas phase in the atomizer, it is 
possible to decrease or eliminate this interference by 
preventing the formation or evaporation of the inter- 
fering hydride. As shown in Table 2, the interference 
caused by selenium, tellurium and tin can be avoided 
completely by using potassium iodide-ascorbic acid 
solution as a masking agent and the interference of 

bismuth as well as selenium can be eliminated by 
addition of copper(I1) sulphate (but not nitrate, since 
nitrate itself interfereso). The masking reagents react 
with the interfering ions and prevent their evapo- 
ration as covalent hydrides. Iodide-ascorbic acid 
solution reduces Se(IV) to Se, and iodide forms 
complexes with Sn(I1) and Te(IV), but does not 
prevent the formation and evaporation of SbH,. 
According to the theory proposed by Meyer et a1.,6 

SeH, reacts with Cu(I1) by forming an insoluble 
copper selenide, CuSe, in acid medium, whereas 
Cu(I1) does not prevent the evaporation of SbH3. 
Because selenium and tellurium are chemically very 
similar, it is reasonable to think that the mechanism 
in the case of Cu(I1) and Te(IV) is similar to that for 
Cu(I1) and Se(IV). Arsenic and antimony are also 
chemically very similar, and it is therefore very 
difficult to find a masking agent which would prevent 
the production of ASH,, but not of SbH,. 

CONCLUSIONS 

In the determination of antimony the degree of 
interference of the elements forming volatile hydrides 
is significant when the concentrations of the inter- 
ferent is more than about 100 rig/l.. The interference 
is dependent on the concentration ratio of the analyte 
and interferent. The interference seems to occur in the 
gas phase in the atomizer tube, and to be due to 
collisions with free radicals, as postulated first by 
Dedina and Rubeska12 for arsenic and selenium. All 
the interfering elements studied have a depressive 
influence on the Sb signal, increasing in the order: 
Pb < Bi < As < Te < Ge < Se < Sn. The influence of 
Se, Te and Sn can be avoided by the addition of 
KI-ascorbic acid solution, and that of Te and Se by 
the addition of Cu(I1) sulphate. 
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Summ+ry-Tiron is oxidized by iron(II1) in the presence of Ferrozine with an apparent four-electron 
transfer and aromatic ring opening. The apparent molar absorptivity referred to the Tiron in the reaction 
corresponds to approximately 1.12 x lo5 I.mole-‘.cn-‘. 

Tiron (1,2-dihydroxybenzene-3,5_disulphonate), 
forms coloured iron (III) complexes which differ in 
stoichiometry according to the pH. The colour of 
these complexes has been used for the determination 
of small amounts of iron(III).’ However, in the 
presence of ligands capable of stabilizing iron(H), 
iron(N) oxidizes Tiron as well as other catechols. 
Rapid oxidation of catechols by iron(II1) in the 
presence of 1 , 1 0-phenanthroline, with a two-electron 
transfer, has been reported,2 and D-a-tocopherol (vit- 
amin E) has been determined by use of iron(III) in the 
presence of Ferrozine.3 In the determination of vita- 
min E it was observed that after a rapid transfer of 
two electrons, the vitamin E was further oxidized. 
This has led us to investigate the reaction of Tiron 
with iron(II1) in the presence of Ferrozine, and we 
have developed a suitable calorimetric method for the 
determination of small amounts of Tiron. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade. Demineralized 
water was used to make all solutions. 

Iron(111) solution. Prepared by dissolving approximately 
193 mg of ferric ammonium sulphate, Fe(NH,) 
(SO,), .12H,O (Baker Analyzed) in 1 .O ml of concentrated 
sulphuric acid and a sufficient amount of water. The solu- 
tion was transferred to a 250-ml standard flask and diluted 
to volume. 

Buffer solution, 0.31U, pH 3.4. Prepared by adding sodium 
hydroxide pellets to 0.3M monochloroacetic acid. 

Tiron standardsolution. A stock solution was prepared by 
dissolving exactly 440 mg of disodium-1,2dihydroxy- 
benzene-3,5-disulphonate monohydrate (Cr. Frederick 
Smith Chemical Co.) in 1000 ml of demineralized water. 
Other catechols tested were recrystallized from n-hexane 
and used for comparative studies. 

Ferrozine solution. Prepared by dissolving 171 mg of 
3-(2-pyridyl)-5,6-bis(4-phenylsulphonic acid)-1,2,4-triazine 
disodium salt trihydrate (Aldrich Chemical Co.) in 100 ml 
of demineralized water and stored in a tinted glass bottle. 

Procedure 

In all experiments the reagents were added to 50-ml 
standard flasks in the following order: 20 ml of 0.3M 
chloroacetate buffer followed by 6.0 ml of 0.003M Ferro- 
zine, a varied amount (50-200 ~1) of Tiron standard solu- 
tion and water to give a volume of about 45 ml. The flasks 
were then placed in a constant-temperature bath (40”) for 
approximately 10 min; 3.0 ml of 0.002M iron(II1) were 
added to each flask, the solutions diluted to volume, and 
timing was started. Tinted glass flasks or flasks covered with 
aluminium foil were used in order to protect the solutions 
from sunlight. For kinetic studies, a 3.0-ml sample was 
withdrawn every 5 min and the absorbance measured at 562 
nm against water. Similarly, a blank containing all of the 
reagents except Tiron was prepared, and its absorbance 
measured as a function of time. The net absorbance was 
used for kinetic and analytical purposes. The reaction was 
studied at different temperatures. At temperatures below 40 
the absorbance measurements were made at 10 or 15 min 
intervals. The data were used to evaluate the pseudo first- 
order rate constants and the Arrhenius activation energy. 

The amount of Tiron in a given sample was determined 
by measuring the net absorbance of a solution heated for 40 
min at 40” or left for 3 hr at room temperature. Other 
catechols were determined in a similar manner, except that 
longer reaction times were needed. 

RESULTS AND DISCUSSION 

The oxidation of Tiron and of other substituted 
catechols by iron(M) in the presence of Ferrozine at 
pH 3.4 proceeds in two steps. In the first, Tiron is 
rapidly oxidized by a two-electron transfer and in the 
second, which is slower, an additional two electrons 
are transferred, resulting in the opening of the aro- 
matic ring. 

Cleavage of the carbon-carbon bond in catechols 
by copper(I1) in pyridine solutions and in the pres- 
ence of oxygen has been reported.4 This cleavage of 
catechols proceeds with a four-electron transfer and 
the formation of cis,cis-muconic acids. A similar 
cleavage of catechols in the presence of iron(M), 
nitrilotriacetic acid and pyrocatechase as a catalyst 
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Table I. Absorbance of Iron(H) Ferrozine produced, as a function of 
Tiron concentration* 

Concentration 
of Tiron. 10m6M Absorbancet 

Molar absorptivity, 
10JI.mole-‘.cm-’ 

1.42 0.159 f 0.004 1.12 
2.12 0.236 k 0.005 1.11 
2.83 0.317 f 0.007 1.12 
5.65 0.598 f 0.010 1.06 

*Reaction at 40” with 1.2 x 10m4M iron(II1) and 3.6 x 10m4M Ferro- 
zinc. 

tMeasured after 40 min reaction time and corrected for the blank. The 
average and range of four determinations are reported. 

has been observed.’ In the determination of vitamin 
E the second step was prevented by the addition of 
bifluoride or orthophosphate.3 

At pH values 25 Tiron forms different coloured 
complexes with iron(II1) and has been used for the 
determination of small amounts of iron(III).’ How- 
ever, in the presence of an excess of iron(II1) and 
ligands which stabilize iron( Tiron is oxidized with 
opening of the aromatic ring. A pH of 3.4 was chosen 
for the method described here, because at this pH the 
iron(IItFerrozine complex is stable, iron(II1) does 
not form a precipitate of hydrous oxide, and the 
oxidation of Tiron proceeds quite readily. 

Examination of the reaction of Tiron with iron(II1) 
in the presence of Ferrozine, as a function of time and 
temperature shows that the change in absorbance 
levels off after about 35 min when the reaction is done 
at 40”, but after about 2.5 hr when the reaction is 
done at room temperature. Absorbance va!ues for 
different concentrations of Tiron are summarized in 
Table 1. The apparent molar absorptivity, referred to 
Tiron, is about 1.12 x 10’ l.molec’.cm-‘, whereas 
referred to iron(Ferrozine it is 2.80 x lo4 
l.mole-’ .cm-‘. The ratio of these molar absorp- 
tivities is 4, which is in agreement with the number of 
electrons transferred in the oxidation process. 

The reactivity of catechols with iron(II1) is affected 
not only by substituent groups but also by their 

positions, and decreases in the order Tiron > 
catechol > 4-chlorocatechol > tetrabromocatechol. 

The pseudo first-order reaction activation energy 
calculated from the rate constants for various cate- 
chols at different temperatures is in the range of 
30-60 kJ/mole, indicating that the opening of the 
aromatic ring most likely proceeds through a free- 
radical intermediate. In fact, the reaction is somewhat 
faster in an atmosphere of nitrogen than in the 
presence of oxygen. Also, the reaction is affected by 
sunlight. Hence the blank and sample solutions are 
protected from direct sunlight by covering the flasks 
with aluminium foil or using tinted glass flasks. In 
this manner Tiron can be determined at ppm levels 
with a relative precision of better than 3%. Sub- 
stances which can be oxidized by iron(II1) must be 
eliminated before the determination. 
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Summary-Vanadium(IV) has been determined by DCTA titration conductometrically, spec- 
trophotometrically and visually (with Alizarin Red S, Gallein and Catechol Violet as indicators at pH 
4.0, 4.2 and 4.5-4.6 respectively). The interference of nickel, copper, lead, aluminium and thorium can 
be removed, and the method utilized for the analysis of binary mixtures of vanadium(W) with nickel, 
copper or thorium. 

Except for an attempt by Mendez and Diez’ to 
determine it spectrophotometrically, no work has 
been reported on the estimation of vanadium(IV) 
with 1,2-diaminocyclohexanetetra-acetic acid 
(DCTA). In the investigation described here, va- 
nadium(IV) alone or in the presence of various ions 
has been determined by direct titration with DCTA, 
conductometrically, spectrophotometrically and visu- 
ally, Alizarin Red S, Catechol Violet and Gallein 
being used as indicators. 

EXPERIMENTAL 

Procedures 

Vanadium(W) sulphate solution (5 x 10m3M, OS-10 ml) 
was titrated with DCTA solution after addition of 10 drops 
of 0.5% aqueous Alizarin Red S solution or 2 drops of 0.2% 
ethanolic Gallein solution or 1 drop of 0.1% aqueous 
Catechol Violet solution as indicator, at pH 4.0, 4.2 and 
4.5-4.6 respectively, to the corresponding sharp colour 
changes (from orange red to greenish yellow, from light 
violet through weakly pink to yellow, and from blue to 
lemon yellow). The pH was adjusted with O.lM sodium 
acetate-acetic acid buffer’ (5-10 ml) or by addition of water 
and/or glacial acetic acid, as required. 

Copper (10 pmoles) was masked by adding ascorbic 
acid (N 5 ml of 0.1% solution) and potassium cyanide 
(-d 10 ml of 1% solution), and Gallein or Catechol Violet 
was used as indicator. The interference of 10 pmoles of lead 
was dealt with by adding m 1 ml of 0.5M sulphuric acid; the 
excess of acid was partly neutralized with ammonia before 
addition of the buffer for the titration. Potassium fluoride 
(- 1 ml of 0.5% solution) was added to mask 10 pmoles of 
aluminium or thorium. Potassium cyanide (-2 ml of 1% 
solution) was added to remove the interference due to 10 
pmoles of nickel in titrations employing Gallein or Catechol 
Violet as indicator (Table 1). 

Conductometric titration was done in the usual way, the 
specific conductance being measured 2-3 min after each 
addition of DCTA, with at least 5 or 6 readings taken each 
side of the equivalence point. No buffer was used. 

*To whom corresnondence should be addressed (oresent 
address: Pro-&e-Chancellor, Kurukshetra Unhersity, 
Kurukshetra, India). 

For the spectrophotometric titrations, Catechol Violet 
solution (2 drops) or Alizarin Red S solution (10 drops) was 
added to l-5 ml of vanadium(IV) solution which was then 
buffered to pH 4.5 or 4.0, respectively, with _ 10 ml of O.lM 
sodium acetate-acetic acid buffer, and titrated with DCTA 
solution with measurement of absorbance at 607 nm (Cate- 
chol Violet) and 520nm (Alizarin Red S) (Figs. 1 and 2). 
The absorbance was corrected for dilution and plotted as a 
function of the volume of DCTA added (Fig. 3). 

The titrations were repeated at least five times at each 
concentration level. 

RESULTS AND DISCUSSION 

The study confirms that vanadium(W) reacts with 
DCTA stoichiometrically in 1: 1 molar ratio as ex- 
pected. The titrations are quantitative and satis- 
factory when done at room temperature (25-30”). If 
DCTA is titrated conductometrically with vana- 
dium(IV), the equivalence point found is not reliable, 
whereas the reverse titration is satisfactory. 

Vanadium(N) and Alizarin Red S form a stable 
orange red complex at pH 4.0 (Lax 485nm); the 
corresponding Catechol Violet complex is blue (A,,,,, 
620nm at pH 4.5) (Figs. 1 and 2). The yellow 
vanadium(lVtDCTA complex shows no significant 
absorbance in these wavelength regions, which can 
therefore be used in the spectrophotometric titration 
(Fig. 3). The error in the spectrophotometric titration 
is less than that in the visual titration, particularly at 
low concentrations of vanadium(IV). The slight cur- 
vature near the equivalence point is customary in 
spectrophotometric titrations based on use of indi- 
cators. 

Interferences 

The determination is not affected by lOO-fold 
molar ratio of lithium, sodium, potassium, mag- 
nesium, strontium, chloride, nitrate, sulphate or ace- 
tate to vanadium. The visual titration is not affected 
by silver, though a precipitate of silver chloride is 
formed if chloride is present (and this causes inter- 
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Table 1. Visual determination of vanadium(IV) with DCTA in presence 
of various ions 

Ion 
added, 

mg 

Ca*+ 16.1 
32.1 

160.5 

Ba2+ 11.0 
110 
550 

Hg*+ 2.8 
16.1 
88.4 

Pb*+ 0.8 
31.1 
78.9 

Al’+ 0.3 
3.8 
9.2 

Cr’+ 1.0 
2.0 
5.0 

F- 3.8 
19.0 
76.1 

S2- 1.9 
12.8 
14.1 

V(IV) found, mgt 

V(W) taken, 
w 

0.20 
1.02 
2.04 

2.04 
2.04 
2.04 

0.41 
2.04 
2.04 

0.71 
2.04 
2.04 

0.20 
1.53 
1.94 

0.61 
1.43 
1.73 

0.41 
1.53 
1.83 

0.41 
2.04 
2.04 

0.61 
2.04 
2.04 

Alizarin 
Red S Gallein 

Catechol 
Violet 

0.20 (5) 
1.02 (6) 
2.03 (6) 

2.03 (10) 
interferes 
interferes 

0.41 (9) 
interferes 
interferes 

0.71 (8) 
2.02 (8) 
interferes 

0.20* (13) 
1.54* (12) 
1.94* (12) 

0.61* (10) 
1.44* (12) 
1.72* (11) 

0.41 (10) 
1.54(11) 
interferes 

0.40 (9) 
2.02 (9) 
interferes 

0.60 (9) 
interferes 
interferes 

0.20 (5) 
1.02 (6) 
2.04 (5) 

2.05 (1 I) 
2.04 (9) 
2.03 (8) 

0.40 (10) 
2.02 (8) 
interferes 

0.72 (10) 
2.04 (7) 
interferes 

0.20’(12) 
1.55’(13) 
1.96* (14) 

0.62* (11) 
1.43* (12) 
1.72* (13) 

0.41 (10) 
1.53 (9) 
interferes 

0.41 (10) 
2.03 (9) 
2.02 (10) 

0.60 (8) 
2.05 (10) 
interferes 

0.20 (7) 
1.03 (8) 
2.06 (8) 

2.04 (6) 
interferes 
interferes 

0.41 (7) 
2.06 (11) 
interferes 

0.72 (12) 
interferes 
interferes 

0.20; (12) 
1.52* (9) 
1.911(9) 

0.60* (7) 
1.41*(6) 
1.75* (12) 

0.40 (8) 
1.52 (10) 
interferes 

0.42 (10) 
2.04(10) 
interferes 

0.61 (10) 
2.04 (8) 
interferes 

*After masking/removing the interfering ion. 
tstandard deviation @g) in brackets. 

ference in the spectrophotometric titration). With sulphide. Higher levels of calcium and barium result 
Alizarin Red S, Gallein and Catechol Violet as in formation of precipitates, presumably of sulphate, 
indicators, the corresponding tolerance limits (molar which interfere in detection of the end-point (sur- 
ratio to vanadium) are 10, 100 and 10 for calcium, 10, prisingly, there is better tolerance for strontium). 
20 and 60 for barium, 10, 10 and 1 for mercury(H), Chromium(II1) does not interfere if its concentration 
25, 100, and 25 for fluoride, and 5, 10 and 10 for is less than 0.17 mg/ml. Cobalt, zinc and thorium are 

0 

10 1 

z 50- 

E = 60- 
._ 

5 lo- 

Wavelength (nm ) 

Fig. 1. Absorption spectra of V(N)-Alizarin Red S complex in absence (A) and presence (B) of excess 
of DCTA; pH 4.0. 
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Table 2. Analysis of certain binary mixtures of vanadium(IV)* 

Found, mg 

Metal Taken, mg Gallein Catechol Violet Alizarin Red S 
ion in 

mixture (M) V MT V Mt V Mt V Mt 

cll*+ 0.41 0.32 0.41 (9) 0.32(8) 0.40(7) 0.33(7) - 
1.22 0.95 1.21 (8) 0.95(10) 1.22(S) 0.94(11) - - 
1.43 2.54 1.45(10) 2.53(7) 1.44(10) 2.54(9) - - 

Th*+ 0.61 1.16 0.62(8) 1.16(10) 0.61(8) l.l6(9) 0.61 (7) 1.15(9) 
1.02 4.64 1.06 (9) 4.64(8) 1.01 (10) 4.65 (9) 1.04(8) 4.63 (8) 
2.04 8.12 2.05(10) 8.16(11) 2.03(8) 2.06(11) 2.02(10) 8.10(9) 

Ni*+ 0.41 0.59 0.40(8) 0.59 (9) 0.42(10) 0.59(9) - - 
1.02 0.88 1.02(8) 0.90(7) l.O3(9) 0.89(10) - - 
1.63 1.47 1.65(7) 1.48(8) 1.65(8) l.46(9) - - 

*Standard deviations &g) in brackets. 
tFrom difference in titration values in presence and absence of masking agent. 

“t 

100 I I I I 1 I I I I I 
600 752 704 656 606 560 512 464 416 366 320 

Wavelength (nm ) 

Fig. 2. Absorption spectra of V(IV)-Catechol Violet complex in absence (A) and presence (B) of excess 
of DCTA; pH 4.5. 

000 

05 07 09 11 13 15 17 19 21 23 

Volume of O.CKlSMDCTA added (ml I 

quantitatively co-titrated. Manganese(II), nickel, 
copper(I1) and cadmium are also quantitatively co- 
titrated when Gallein or Catechol Violet is used as 
indicator. Lead and aluminium also interfere. 

Lead can be masked by precipitation as sulphate, 
and aluminium and thorium can be masked with 
potassium fluoride. Copper(I1) is masked by adding 
ascorbic acid and potassium cyanide solution, and 
the interference due to nickel is dealt with by adding 
potassium cyanide solution (but the end-point is not 
clear if Alizarin Red S is used as the indicator). 

Attempts to mask cobalt, manganese(II), zinc and 
cadmium with common masking agents have not 
been successful. The application of the titration is 
therefore rather restricted. 

Fig. 3. Photometric titration of 2.OOml of 0.004M V(IV) REFERENCES 

with (a) Catechol Violet as indicator (607 nm) and (b) 
Alizarin Red S as indicator (520nm). 

I. J. H. Mendez and L. P. Diez, An. Quim., 1977, 73, 83. 
2. G. S. Walpole, J. C&m. Sot., 1914, 105, 2501. 
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Summary-A new surface-renewal technique at the solid electrode has been developed, based on 
continuous polishing. Well-defined and reproducible current-voltage curves similar to those obtained in 
polarography are given by the “polished precipitate electrode” (PPE). The method can be used for the 
continuous determination of electroactive substances and for the study of electrode reaction mechanisms 
at the solid-liquid interface. 

Voltammetry with solid electrodes should give infor- 
mation about charge-transfer across solid-liquid 
interfaces, but most conventional solid electrodes are 
not satisfactory because of surface contamination. 

Polarography has no such contamination problems 
because the electrode surface is continuously re- 
newed. Recently, for the investigation of charge- 
transfer between two immiscible electrolyte solutions, 
the electrolyte dropping electrode (EDE), similar to 
the dropping mercury electrode (DME) in polar- 
ography, has been developed.‘-5 

In this paper we describe a new “polished precip- 
itate electrode” (PPE), the surface of which is con- 
tinuously renewed by polishing with a magnetic 
stirrer bar coated with silicon carbide. This idea was 
first used by Hirata et aL6 in application of a ceramic- 
type ion-selective electrode for a process-monitoring 

detector system. 

EXPERIMENTAL 

Apparatus 

Polished precipitate electrode. The assembly of this elec- 
trode is shown in Fig. 1 and a more detailed diagram is given 
in Fig. 2. The polished precipitate electrode is in a flow-cell, 
the sample flowing in at the base and out from the upper 
part, at approximately 1 ml/min. The working electrode 
(silver-silver halide) is at the centre of the electrode body 
and is 3 mm in diameter and IO mm long. It is lowered into 
the ring-type counter-electrode (4 mm inner diameter and 6 
mm outer diameter), the gap between the working electrode 
and counter-electrode being filled with epoxy resin to pro- 
vide electrical insulation. The outside of the counter- 
electrode is also coated with epoxy resin. A cylindrical 
polishing magnetic stirrer bar (6 mm in diameter, 7 mm 
long) is mounted on top of the combined working and 
counter-electrode. The surface of the bar is coated with a 
paste consisting of a 7:3 w/w mixture of 600-mesh silicon 
carbide powder and epoxy resin. The bar is rotated at 600 

*To whom correspondence should be addressed. 

rpm by the motor-driven magnet under the electrode, thus 
continuously polishing the electrode surface. 

The sample flows from the working electrode to the 
counter-electrode because of the action of the stirrer. The 
electrode surface is thus kept clean and free from any 
contamination. An Ag/AgCl electrode in 1M potassium 
chloride solution is used as reference electrode (normal 
silver electrode: NSE) installed above the stirrer bar. 

Preparation of working electrode. Silver sulphide-silver 
iodide powder (Ag,SI) was precipitated from solution at 
room temperature, and used after drying at 60” for several 
hr: 130 mg of this powder were mixed thoroughly with 50 
mg of silver bromide powder and pressed into a cylindrical 

Reference 

OUT 

Mognet 

Fig. 1. Schematic diagram of the polished electrode. 
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l-l OUT 

IN 

CE WE CE 

Fig. 2. Detailed diagram of working electrode and counter- 
electrode. 

pellet (3 mm in diameter and 5 mm long). Once the pellet 
had been formed, 100 mg of silver metal and 100 mg of the 
Ag,SI powder (Ag/Ag,SI) were added and the whole com- 
pressed again to make a single pellet 3 mm in diameter and 
10 mm long. A wire was attached to the surface of the 
Ag/Ag,SI pellet with silver paint. When silver metal was 
used as the working electrode, a silver cylinder 3 mm in 
diameter and 10 mm long was used instead of the silver 
halide precipitate pellet. 

RESULTS AND DISCUSSION 

The result of experiments on continuous renewal of 
the solid electrode is shown in Fig. 3, the 
current-voltage curves at room temperature being 
recorded at a rate of 1 mV/sec. 

The curves were obtained with the polished silver- 
metal electrode (PSE) in the base electrolyte (O.lM 
potassium nitrate) in the absence (curve 1) and 
presence (curve 3) of a mixture of chloride, bromide 
and iodide, each 2 x 10m4M. The polished electrode 
gives well-defined current-voltage curves similar to 
those obtained in polarography. 

Curve 2 was obtained with the unpolished elec- 
trode, the surface being engraved in order to prevent 
polishing by the stirrer. The solution used for curve 

I 

;i 
20 

3 

.u lo- 
‘p 5x10-5M 
e IO) 
a 

Fig. 3. Current-voltage curves obtained with the polished 
silver electrode at a scan-rate of 1 mV/sec. Curve I, pol- 
ished, base electrolyte 0.1 M KNO, Curve 2, unpolished, 
2 x 10m4M Cl-, 2 x 10e4M Br- and 2 x 10e4M I- in O.lM 

KNO,. Curve 3, polished, test solution as for curve 2. 

2 was the same as that for curve 3. Comparison of the 
curves shows that the polished electrode can over- 
come the contamination problems associated with 
solid electrodes, making possible quantitative anal- 
ysis by voltammetry with such electrodes. 

At the surface of the polished silver-metal elec- 
trode, ionization of the metallic silver and formation 
of the silver halide take place at the same solid-liquid 
interface. Therefore, the half-wave potential of each 
halide ion is shifted to more negative values accord- 
ing to the solubility product of its silver salt. 

Figure 4 shows the reproducibility of the diffusion 
current for various concentrations of iodide in O.lM 
potassium nitrate. The potential during this measure- 
ment was set at 0.05 V vs. NSE. As the figure shows, 
the diffusion current is proportional to the concen- 
tration of iodide ion. The gradual increases and 
decreases in diffusion current on changing the test 
solution are not due to slow response of the electrode 
but to delay in mixing. 

As the recorder was undamped during this 
measurement, current oscillations due to stirring can 
be seen. When the stirrer was turned off, the diffusion 
current fell almost to zero (a in Fig. 4). When stirring 
was restarted, the current returned immediately to the 
original level. As can be seen from Fig. 4, the 
diffusion current is proportional to the concentration 
of halide in the test solution. 

10 15 20 25 

Time (min) 

Fig. 4. Reproducibility of the diffusion current measured by the polished silver electrode. Sample flow-rate 
1 ml/min; setting potential 0.05 V vs. NSE, test solution 5 x 10m5M, 10m4M and 2 x 10m4M I- in 0.1.M 

KNO,. (a) indicates the period during which the polishing stirrer is switched off. 
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-20 L 
Fig. 5. Current-voltage curves obtained with the silver 
halide precipitate polished electrode (AgBr/Ag,SI, SH-PPE) 
at a scan-rate of 1 mV/see, base electrolyte O.lM KNO,. 
[Br-1: 1, nil; 2, 10m5M; 3, 2.5 x 10m5M; 4, 5 x 10m5M; 5, 

lo-4M. 

Figure 5 shows the current-voltage curves ob- 
tained with the silver halide polished precipitate 
electrode (SH-PPE) having an AgBr/Ag,SI pellet as 
the working electrode. The cell can be written as: 

The curves in Fig. 5 were recorded for the base 
electrolyte (O.lM potassium nitrate) in the absence 
and presence of bromide ion. 

In the curves in Fig. 3, no cathodic current is 
observed from f0.4 to -0.3 V vs. NSE. However, 
in the curves in Fig. 5, cathodic waves do appear and 
the zero-current potential for each wave is shifted to 
more negative values, according to the concentration 
of bromide ion in the aqueous phase. 

CONCLUSION 

The polished precipitate electrode has been devel- 
oped in order to avoid contamination problems on 
solid electrode surfaces. Voltammetry with this elec- 
trode may be used for quantitative analysis and in the 
investigation of charge-transfer processes at the 
solid-liquid interface. 
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Summary-A procedure is proposed for the determination of malononitrile by differential pulse 
polarography in methanolic O.lM tetraethylammonium iodide/O.OOlM tetramethylammonium hydroxide 
as the supporting electrolyte. In this medium malononitrile is chemically converted into an electroactive 
species. With close control of timing of the steps in the procedure the error of the method is k 1.5% in 
the concentration range 0.0001-0.001M. Acrylonitrile, henzonitrile and succinic acid dinitrile do not 
interfere. 

Malononitrile is an important compound in the 
technical synthesis of vitamin Bl, various herbicides 
and insecticides, and a number of dyes. The methods 
described for its determination include gas chro- 
matography,’ thin-layer chromatography,2 titration 
in non-aqueous solvents’ and a luminescence pro- 
cedure.4 Some of these methods also apply to the 
assay of the riot-control agent o-chlorobenzal mal- 
ononitrile (CS) by hydrolysis of this compound to 
chlorobenzaldehyde and malononitrile.4*5 

For CS, Tarantino6 has described a polarographic 
method based on the electroreduction of the com- 
pound itself or the o-chlorobenzaldehyde formed 
from it by hydrolysis. The other hydrolysis product 
(malononitrile) was found to be electro-inactive in his 
study. 

We have observed that malononitrile gives rise to 
a polarographic reduction wave in alkaline meth- 
anolic medium. This paper describes a procedure for 
the polarographic determination of malononitrile 
based on this. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Reagents 

Methanol @a.), tetraethylammonium iodide (TEAI) 
(fiir die Polarographie), tetramethylammonium hydroxide 
(TMAOH) (0. IM in propan-2-al/methanol), tetraethyl- 
ammonium chloride (TEACl) (zur Synthese), lithium chlo- 
ride (Suprapur), dimethylsulphoxide (zur Synthese) and 
ethanol @a.) were used as received from Merck. The 
malononitrile (Merck-Schuchardt, zur Synthese was re- 
crystallized from ethanol until a colourless product was 
obtained. Succinic acid dinitrile (Fluka, puriss.) and benzo- 
nitrile (Riedel de Haen) were used as received. Acrylonitrile, 
malonic acid and cyanoacetic acid were from Fluka and 
used as received. The dimer of malononitrile, 2-amino- 1, I ,3- 
tricyanopropene, was synthesized according to the pro- 
cedure given by Carboni et al.’ 

When malononitrile is polarographed in O.lM 

TEAI/O.OOlM TMAOH/MeOH, a reduction wave 
can be observed if a polarogram is run after the usual 
deaeration period (see Fig. 1). Its half-wave potential 
lies at - 1.50 V us. silver/silver chloride (in saturated 
TEACl/MeOH). Drop-time variation shows that this 
reduction wave is diffusion-controlled (Table 1). The 
slopes of the log plots indicate irreversibility and 
most likely a one-electron transfer. 

Apparafks 

A Metrohm ES36 polarograph was used. The polar- 
ographic cell was kept at 25 f 0.1” with a Tamson thermo- 
stat. Two mercury electrodes were used; their characteristics 
(open circuit in O.lM TEAI/MeOH) were m = 0.795 mg/sec, 

The diffusion current for this reduction decreases if 
the alkaline solution of the malononitrile is kept for 
longer than 1 hr (Table 2), presumably because of 
chemical conversion of the electroactive species. 
However, in the period 3&60 min after mixing of the 
malononitrile and the supporting electrolyte, the lim- 
iting current remains fairly constant. 

The formation and decomposition of the electro- 

t = 4.73 set for DME # 8 and WI = 0.77 mg/sec, t = 4.92 set 
for DME # 5 and a mercury height of 66 cm. The reference 
electrode was a silver/silver chloride electrode in methanol 
saturated with TEACI. A platinum wire was used as the 
auxiliary electrode. 

The nitrogen used for deaeration was saturated with 
methanol to prevent loss of solvent from the sample during 
removal of dissolved oxygen. 

Procedure 

The polarographic measurements on calibration stan- 
dards and samples of malononitrile were performed as 
follows. A 35-ml portion of the supporting electrolyte (O.lM 
TEAI/O.OOlM TMAOH in methanol) was deaerated by 
passage of nitrogen for 5 min. Then the malononitrile 
sample or standard was added and nitrogen was passed for 
15 min. Then either the sampled d.c. or differential pulse 
polarogram was recorded over the range from - 1 .O to - 2.0 
V applied potential vs. silver/silver chloride (in saturated 
TEACl/MeOH). The drop-time used was 0.4 sec. In the 
DPP technique a pulse amplitude of 20 mV was used. 

The sampled d.c. polarograms were evaluated by the use 
of a three-parameter curve-fitting procedure, for the param- 
eters limiting current, half-wave potential and slope of the 
log plot of current vs. potential.’ 
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Table 1. Sampled d.c. polarography of 0.001 1lM malononitrile in O.lM 
TEAI/O.OOlM TMAOH/MeOH (DME No. 5) 

Limiting Half-wave Slope of log 
Drop-time, current, id, potential, plot, idIt ‘16, 

set PA V V/decade pA /see ‘I6 

0.6 1.493 - 1.519 0.1035 1.63 
0.8 1.627 - 1.506 0.0893 1.69 
1.0 1.655 - 1.503 0.0888 1.66 
1.4 1.827 - 1.497 0.0902 1.69 
2.0 1.970 - 1.499 0.0955 1.76 
3.0 2.098 - 1.494 0.0907 1.75 

active species is strongly influenced by the concen- 
tration of TMAOH in the supporting electrolyte, as 
can be seen from Table 3. If the polarograms are run 
about 15 min after mixing of the malononitrile and 
the supporting electrolyte, the optimum concen- 
tration of TMAOH is about O.OOlM. 

Malononitrile is known to form a dimer, 
2-amino-l, 1,3_tricyanopropene, in alkaline solu- 
tions.9 Polarography of this product, synthesized 
according to the procedure given by Carboni et aI.’ 

showed a reduction wave at - 1.76 V, but not at 
- 1.50 V, so this dimer cannot be the electroactive 
species. 

Malononitrile itself is reported to be electro- 
inactive in O.lM lithium nitrate/MeOH.6 In the media 
O.lM NaOH/water, phosphate buffer (pH 7)/water, 
O.lM LiCl/O.OOlM TMAOH/DMSO and O.lM 
LiCl/MeOH, malononitrile is also polarographically 
inactive. The reduction wave at around - 1.50 V, 
however, is present in polarograms of malononitrile 
in O.lM LiCl/O.OOlM TMAOH/MeOH and with a 

: , 
-12 -14 -16 

V 

Fig. 1. Direct current polarogram of 5.35 x 10e4M mal- 
ononitrile in O.lM TEAI/O.OOlM TMAOH/MeOH. 

much smaller limiting current in O.lM LiCl/O.OOlM 
TMAOH/EtOH. 

These findings indicate that the base TMAOH and 
the alcoholic solvent take part in the conversion of 
the malononitrile into the electroactive species. This 
was confirmed by ultraviolet spectrometry mea- 
surements. Malononitrile shows no ultraviolet ab- 
sorption in methanol. Addition of 4 x 10m4M 
TMAOH to 4.5 x 10m4M malononitrile produces an 
absorption peak with a maximum shifting from 230 
nm to 250 nm, with substantial broadening over a 
period of 30 min. Again this behaviour is different 
from the behaviour of the dimer, which shows a 
rather stable absorption peak at 300 nm under these 
conditions. 

Attempts to isolate and identify this electroactive 
species by UV, MS and NMR spectrometry were 

Table 2. Time-dependence of limiting current for 
0.000535M malononitrile in O.lM TEAI/O.OOlM 

TMAOH/MeOH 

Time of measurement, Limiting current, 
min PA 

30 1.193 
45 1.169 
60 1.180 
75 1.164 
90 1.150 

105 1.132 
120 1.099 
135 1.055 
150 1.008 
165 1.020 
180 0.985 
195 0.919 
210 0.949 
225 0.908 

Table 3. Influence of TMAOH concen- 
tration on limiting current of 
O.OOlM malononitrile in O.lM 

TEAI/TMAOH/MeOH 

[TMADHI, Limiting current, 
t?lM PA 

no reduction wave 
0.26 0.198 
0.52 0.620 
1.04 1.232 
2.56 1.316 
5.00 1.030 
9.52 1.033 



SHORT COMMUNICATIONS 125 

Table 4. Calibration data for differential pulse polarography 
of malononitrile in O.lM TEAI/O.OOlM TMAOH/MeOH 
(DME No. 8; DPP amplitude 20 mV; tdmp 0.4 set; mea- 

surement after 15 min) 

Peak current 
Peak current cubic spline 

[Malononitrile], measured, approximation, 
lo-4M PA PA 

0.984 0.570 0.570 
1.967 1.056 1.058 
2.951 1.529 1.519 
3.935 I.914 1.930 
4.909 2.294 2.286 
5.902 2.613 2.603 
6.886 2.910 2.925 
7.870 3.248 3.240 
8.854 3.426 3.427 

(Test sample: 3.84 x 10m4M taken; peak current 1.912 
PA + 0.4%; 3.89 x 10e4M + 0.5% found; relative error 
1.3%; 6 replicates). 

unsuccessful, most likely because of the instability of 
the electroactive compound. 

Nevertheless, on the basis of the findings men- 
tioned above, it was possible to develop a procedure 
for the polarographic determination of malononitrile 
in which the parameters that influence the formation 
of the electroactive species are closely controlled. 
This was accomplished by accurate temperature con- 
trol of the polarographic cell, standardization of the 
concentration of TMAOH in the supporting electro- 
lyte, and a strict time schedule in the procedure. 

The results for measurement of a number of stan- 
dard and test solutions, prepared by directly weighing 

purified malononitrile and dissolving it in methanol, 
are given in Table 4. The calibration graph is not 
linear, but the calibration data can be fitted to a cubic 
spline function with 3 knots equally spaced over the 
concentration interval measured, and this function 
used to retrieve the concentration of the test sample. 
This approach allows automation of the system. The 
deviation between the amount taken and found was 
1.3%, and the standard deviation for 6 replicate 
samples was 0.5% 

The procedure was tested for interference by the 
compounds cyanoacetic acid, malonic acid, acrylo- 
nitrile, benzonitrile and succinic acid dinitrile. These 
compounds did not change the reduction wave of the 
malononitrile at - 1.50 V when present at concen- 
trations not exceeding that of the malononitrile. 
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Summary-The stoichiometry and stability constants of I-mercaptoquinoline and alkyl-8 
mercaptoquinoline complexes of Zn(II), Cd(B), Pb(II), Ni(II), Bi(II1) and Ag(1) were determined 
potentiometrically in dimethylformamide. The stability of the 8-mercaptoquinolinates decreases in the 
order Ag(I) > Bi(II1) > Ni(I1) > Pb(I1) > Cd(I1) > Zn(I1). Metal 7-methyl-8-mercaptoquinolinates are the 
most stable. The presence of the alkyl group in the 2-position (which has a steric effect) lowers the strength 
of metal-ligand bonding. 

%Mercaptoquinoline and alkyl-%mercaptoquinolines 
are well known as complexing reagents for heavy 
metals.’ These reagents are especially promising when 
used for combining concentration and separation 
with a sensitive method of determination. Hence the 
stability constants of these complexes in non-aqueous 
solutions should prove of interest. As a rule the 
extracted species is a non-electrolyte. Therefore, in 
order to study the stability of the 8-mercapto- 
quinolinates by potentiometry it is necessary to add 
some polar solvent to the extract or to use only a 
polar solution. 

This article deals with measurement of the redox 
potentials of systems containing the ligand 
(8-mercaptoquinolinate anion), an oxidized form of 
the ligand (the disulphide of 8-mercaptoquinoline), 
and metal ion, at a constant concentration of the 
disulphide.2.3 The conditions for application of the 
method are that the electrode process is reversible 
and the metal complexes only with the reduced form 
of the ligand. 

The stability constants of Zn(II), Cd(H), Pb(II), 
Ni(II), Bi(II1) and Ag(1) alkyl-8-mercaptoquino- 
linates in dimethylformamide have been determined, 
the alkyl positions in the ligand being 2,4, 6,7 and 2,7. 

EXPERIMENTAL 

Reagents 

The sodium salts of the alkyl-8-mercaptoquinohnes and 
corresponding disulphides were prepared as described in the 
literature.4 The analytical (total) concentrations of the 
ligand and disulphidk were constant in all experiments, 
and 5 x 10e4M and 2.5 x 10e4M resoectivelv. The metal 
ion concentrations were varied in ihe range 1 x 10e4- 
1 x IO-‘M. Stock solutions of the anhydrous metal 
perchlorates (twice recrystallized) were prepared from the 
solids and standardized by EDTA titration.’ Lithium 
perchlorate solution (O.lM) was used as the background 

electrolyte. Dimethylformamide (DMF) was used as sol- 
vent. The purity of the electrolyte was checked by recording 
polarograms with a platinum electrode. The base-line for 
DMF was run as a check on electrochemical purity. 

Apparatus and potentiometric measurements 

Potentiometric measurements were made with an R363 
potentiometer (USSR) at 25 + 0.2”. The indicator electrode 
was a platinum plate, the reference electrode a saturated 
calomel electrode. The solutions were deoxygenated, and a 
slow stream of argon was passed over the solution through- 
out the experiment. The logarithmic values obtained from 
a series of measurements differed by not more than kO.1, 
even in the most unfavourable conditions. 

The stability constants were obtained from the experi- 
mental data by the method of Schulman et al.’ with some 
slight alterations. Instead of the simultaneous titration of a 
ligand with a metal and a background electrolyte, the redox 
electrode potentials in the presence and absence of metal 
ions were measured to save time. The values of the stability 
constants were calculated according to Bjerrum, with the 
formulae 

- log[L] = & - log Cl_ 

n= 
r-,(1 - ~o-wo.o~~ 

Gi ’ 
where C, and C, are the total concentrations of the ligand 
and metal respectively, AE is the difference in the equi- 
librium potential of the ligand redox-system in the presence 
and absence of metal ions. In a number of cases, where the 
values of the stepwise stability constants were rather close, 
another method of calculating was used to correct the data.’ 

RESULTS AND DISCUSSION 

The relations between the average ligand number, 
6, and the corresponding concentration of the free, 
uncomplexed, ligand are shown in Fig. 1 for some 
metal-ligand systems. Logarithmic values of the sta- 
bility constants are given in Table 1, and show that 
the metal alkylmercaptoquinolinates have high 
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I I 1 I I 

4 6 6 10 

-log CL1 

Fig. 1. Formation curves of zinc 8-mercaptoquinolinate (l), 
cadmium 2-methyl-8-mercaptoquinolinate (2) and nickel 

6-methyl-8-mercaptoquinolinate (3). 

stability. The chelating power of an alkyl- 
mercaptoquinoline is accounted for by the donor 
heterocyclic nitrogen atom, the sulphur atom conju- 
gated with the quinoline ring, the dative n-bonding 
of the central atom and finally by the formation of 
five-membered rings. In the case of Ag(I), Zn(II), 
Cd(II), Pb(I1) and Bi(II1) stepwise complex for- 
mation takes place. Simultaneous addition of two 
molecules of the ligand to nickel occurs in accordance 
with the values of the stepwise constants. When a 
metal with occupied d-orbitals forms a cationic com- 
plex with an alkylmercaptoquinoline, bonding char- 
acteristics do not vary apart from a slight decrease in 
the conjugation of the chelating ring, which makes 
the metal-sulphur bonding more ionic. 

The situation is more complicated for the com- 
plexes formed by a metal with empty d-orbitals. It is 
well known that the stability of complexes depends 
on the possibility for charge levelling by a-bonding 
and n-back-bonding. Like many polyatomic ligands 
the alkylquinolinate ligands can have the special 
features of a-donation and n-back-donation, the 
canonical structures 6, c, d providing the greatest 
contribution (Scheme l).’ 

The donor-acceptor interaction MtS which more 

or less increases the stability of the dative M-3 
n-bonding, and the existence of the dative n-bonding 
formed by the d-electrons of the central atom and the 
delocalized p-orbitals of the quinoline nucleus, are a 

Table 1. Logarithmic values of the stability constants of the 
alkyl-8-mercaptoquinolinate complexes 

Metal R 

Zn(I1) 

Cd(I1) 

Pb(I1) 

Ni(I1) 

WI) 

Bi(II1) 

H 8.1 4.3 12.4 
2-CH, 8.5 6.4 14.9 
CCH, 8.3 6.2 14.5 
6-CH, 8.3 6.2 14.5 
7-CH, 10.8 8.3 19.1 
2,7-(cH,), 9.1 6.9 16.0 
2-i-C,H, 5.9 5.4 11.3 

H 8.3 4.9 13.2 
2-CH, 8.4 6.1 14.5 
4-CH, 8.1 6.1 14.2 
6_CH, 9.3 7.1 16.4 
7-CH, 9.8 6.2 16.0 
2,7-(cH,), 9.2 6.9 16.1 
2-i-C,H, 5.1 4.6 9.7 

H 8.6 5.5 14.1 
2-CH, 8.8 5.3 14.1 
4-CH, 8.4 5.1 13.5 
6-CH, 9.4 6.9 16.3 
7-CH, 10.6 6.7 17.3 
2,7-(cH,), 10.0 6.5 16.5 
2i-C,H, 4.5 3.9 8.4 

H 9.5 6.6 16.1 
2-CH, 8.1 5.3 13.4 
4-CH, 9.7 7.3 17.0 
6-CH, 9.2 7.3 16.5 
7-CH, 11.3 7.9 19.2 
2,7-(cH,), 8.2 6.0 14.2 
2i-C,H, 3.9 3.6 7.5 

H 13.8 4.4 18.2 
2-CH, 14.7 4.6 19.3 
4-CH, 15.7 5.3 21.0 
6-CH, 14.9 5.5 20.4 
7-CH, 15.1 5.8 20.9 
2,7-(cH,), 14.1 6.7 20.8 
2-i-C,H, 8.9 8.5 17.4 

H 12.7 8.3 26.2 
2-CH, 12.4 9.2 28.5 
4-CH, 13.3 10.8 30.5 
6-CH, 13.6 11.4 32.4 
7-CH, 13.5 9.8 29.5 
2,7-(CH,), 13.7 9.4 30.0 
2i-C,H, 7.2 7.0 20.8 

log k, log k, log 82 

characteristic feature of the meso-ionic structures of 
the complexes. This strengthening of bonding leads to 
greater stability of the transition metal chelates, e.g., 
in the case of nickel. 

The introduction of an alkyl group into the 

b C 
Scheme 1. 

-I 

d 
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8-mercaptoquinoline molecule generally increases the 
complex stability (Table 1). This is connected with 
strengthening of the basic properties of the donor 
nitrogen atom and weakening of the acid properties 
of the mercapto group. An alkyl group in the 
7-position causes further weakening of the acidity of 
the mercapto group. The reduced acidity strengthens 
the covalent bonding M-S, distorts the 
n-d-conjugation of the sulphur atom with the quin- 
oline ring and finally increases the basicity of the 
nitrogen atom. The possibility of coplanarity being 
destroyed in the case of the 7-alkyl ligand, together 
with the factors mentioned above, brings about 
the greater stability of the metal 7-alkyl-8- 
mercaptoquinolinates. A greater influence of the 
7-alkyl group appears for the nickel chelates. The 
increase in basicity of the nitrogen atom results in a 
greater stabilization of the meso-ionic structure. The 
greatest stability of the meso-ionic structure and a 
thus higher stability constant is characteristic of the 
nickel 4-methyl-8-mercaptoquinolinate complex. 
This is likely to be a result of the hyperconjugation 
of the methyl group with the quinoline ring and 
increase in the basicity of the nitrogen atom. 

The lower stability of the nickel complex with the 
2-alkylmercaptoquinolines is notable in the range of 
metal complexes studied. This is likely to be a result 
of the steric effects of an alkyl group in the 2-position, 
which cause the nickel complex to take the 
configuration of a distorted tetrahedron, whereas all 
the other nickel complexes have a square-planar 
configuration.’ The deviation from the square-planar 
configuration is assumed to decrease the strength of 
the dative d,-p, bonding formed by the d-electrons of 
the central atom and the delocalized p-orbitals of the 
quinoline nucleus. The alkyl group in the 2-position 
influences the stability of other metal 
8-mercaptoquinolinates in a similar manner, al- 
though to a lesser extent (because these metal 
8-mercaptoquinolinates do not have a square-planar 
configuration). Therefore the chelates with 2,7- 
dimethyl-8-mercaptoquinoline are the most stable. In 
spite of the steric hindrance the methyl group in 
the 2-position strengthens the basicity of the nitrogen 
atom. Furthermore the methyl group in the 
7-position helps to strengthen the metal-ligand bond- 
ing. Attention should be drawn to the determination 
of the stability constants of silver alkyl-8- 
mercaptoquinolinates in DMF containing 2.5% 
water. The character of the relation between the 
stability constant and the water content has been 
clarified for the silver 6-methyl-8-mercaptoquin- 
olinate complex. The stability of this complex was 
found to increase with increase in the DMF content. 
A plot of log k us. the reciprocal of the dielectric 
constant of the medium is linear (Fig. 2) and extrap- 
olation to 100% DMF (points A, and A, in Fig. 2) 
makes it possible to compare the stability con- 
stant for the silver complex with those for other 

57 
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Fig. 2. The relation between stepwise stability constants of 
silver 6-methyl-8-mercaptoquinolinates and the com- 

position of the medium. 

8-mercaptoquinolinates. The values obtained are log 
k, = 15.4; log k2 = 5.7. To extrapolate the values for 
the other silver complexes is difficult, because of the 
low solubilities in DMF. The complexes are also 
adsorbed on the platinum electrode when there are 
traces of water in the DMF, and this causes un- 
satisfactory results. 

According to the data obtained, the number of 
ligands in the complex is usually the same as the 
oxidation state of the central atom, over a large range 
of concentrations. The reason for this is considered to 
be the large size of the 8-mercaptoquinoline molecule 
and the ease of polarization of sulphur, which trans- 
fers charge to the central atom and therefore prevents 
the appearance of a high co-ordination number. 
However, in silver 8-mercaptoquinolinate two ligands 
are bonded to the metal, forming the species [AgL,]-. 
The possibility of existence of analogous complexes 
has been reported by Suprunovich and Shevchenko.’ 
The central atom is likely to use the electron-acceptor 
5s-, Sp- and Sd-orbitals for bonding the second 
molecule of 8-mercaptoquinoline. The stability of the 
complexes decreases in general in the order 
Bi(II1) > Ag(I) > Ni(I1) > Pb(I1) h Cd(I1) N Zn(I1). 
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DETERMINATION OF THERMODYNAMIC IONIZATION 
CONSTANTS FOR EIGHT MEDICINAL BENZYLIMIDAZOLINES 

J. E. KOUNTOURELLIS*, N. PAPADOPOULOS and A. RAPTOULI 

School of Pharmacy, Aristotelian University of Thessaloniki, Greece 

(Received 19 March 1984. Accepted II April 1984) 

Smmnarv-The thermodvnamic dissociation constants at 25” for eight medicinal benzylimidazolines have 
been detkrmined by potentiometric titration. 

The common feature of the compounds investigated 
is that they include in their molecular structure the 
2-imidazoline ring. Apart from this, they possess 
different pharmacological actions:1.2 tolazoline and 
phentolamine are alpha-adrenergic blocking agents. 
Naphazoline, xylomethazoline, oxymetazoline, cir- 
azoline and tymazoline have marked alpha- 
adrenergic activity, and antazoline is an anti- 
histamine. 

The compounds are the active ingredients of many 
liquid pharmaceutical preparations such as decon- 
gestants, injectable solutions and ointments. Because 
they undergo rapid base-catalysed hydrolysis’ in 
aqueous solutions, the development of a stability- 
indicating assay was initiated. 

High-pressure liquid chromatography (HPLC) has 
been studied as a means of identification and deter- 
mination of 2-imidazolines and their degradation 
products.4 The proposed method employs a cation- 
or anion-exchange resin, and a mobile phase buffered 
at about pH 12. Since the chromatographic condi- 
tions have to be varied from compound to com- 
pound, we have determined pK,, for the compounds 
because we believe that accurate values will help in 
the development of better chromatographic systems. 

Reagents 
EXPERIMENTAL 

The samples supplied by the manufacturers included 
phentolamine mesylate and the hydrochlorides of tolazoline, 
naphazoline, xylometazoline, oxymetazoline, cirazoline, 
tymazoline, and antazoline. The melting points of the 
compounds agreed with those quoted in the literature. The 
PMR and “CMR spectra were in agreement with the 
molecular structures. Water was purified with a Millipore 
ion-exchange apparatus. 

Apparatus 

A Radiometer PHM 63 digital pH-meter and a Radio- 
meter GK 2401 B combined glass electrode were used. The 
electrode was calibrated with a series of buffer solutions.5 

Determination 

In each case, a sample of the salt of the base was dissolved 
in 50 g of freshly demineralized water to give a solution with 
a concentration of about 1 x lo-‘M. The titrations were 
done under a nitrogen atmosphere in a water-jacketed vessel 
kept at 25 f 0.1”. The amounts of sodium hydroxide added 
were determined by weighing. The thermodynamic dis- 

*To whom correspondence should be addressed. 

Table I. The pK, values for the eight 2-imidazolines 

Compound PK, Compound PK, 

Xylometazoline 3.15 f 0.04 Antazoline 3.17 + 0.03 
Tolazoline 3.41 f 0.01 Tymazoline 4.42 f 0.02 
Oxymetazoline 3.46 + 0.02 Cirazoline 4.44 f 0.02 
Naphazoline 3.52 f 0.02 Phentolamine 4.71 f 0.01 

sociation constants pK, were calculated from the equa- 
tions?’ 

POW 
p&= -log[OH-]+logm -2logy, 

pK, = 14.00 

[B+] = C,,, + [OH-] - [Na+] 

[BOH] = C,,, - [B+] 

-logy, =0512J1/(1 + 1.6fi). 

The symbols have their usual meanings. 

RESULTS AND DISCUSSION 

Table 1 shows the data obtained for the eight 
benzylimidazolines. The decrease in basicity from 
xylometazoline to phentolamine follows the increase 
of electron-withdrawing ability of the aromatic sub- 
stituent in the 2-position of the imidazoline (hetero- 
cyclic) ring. Different substituents in the aromatic 
ring do not cause great differences in the pK, values, 
since the aromatic and the heterocyclic moieties of 
the molecule are separated by a bridging methylene 
group. The basicity of the compounds decreases when 
a heteroatom is attached to the linking methylene 

group. 
Acknowledgement-The authors would like to thank Prof. 
P. P. Georgakopoulos for his helpful discussions and sug- 
gestions. 

REFERENCES 

I. Martindale, The Extra Pharmacopoeia, 28th Ed., The 
Pharmaceutical Press, London, 1982. 

2. A. G. Gilman, L. S. Goodman and A. Gilman, The 
Pharmacological Basis of Therapeutics, 6th Ed., Mac- 
millan, New York, 1980. 

3. D. J. G Davis, Proc. APGI Conf. Paris, 1980, 2, 217. 
4. J. A. Mollica, G. R. Padmanabham and R. Strusz, Anal. 

Chem., 1973, 45, 1859. 
5. R. G. Bates, ibid., 1968, 40, No. 6, 28A. 
6. A. Albert and E. P. Sergeant, The Determination of 

Ionisation Constants, Chapman & Hall, London, 1971. 
7. L. Z. Benet and J. E. Goyan, J. Pharm. Sci. 1967, 56, 

665. 

730 



Talanra, Vol. 31, No. 9, pp. 731-733, 1984 0039-9140/84 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright <j 1984 Pergamon Press Ltd 
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Summary-From the precipitation borderline in the pNd’-pC, diagram the stability constants for the 
mononuclear and polynuclear species of neodymium hydroxide have been established. The values found 
were log*/?, = - 8.l,log*j?, = - 16.2,log*/?, = -24.3,log*& = - 11.6 and log*& = 19.4. The data refer 
to precipitates prepared under CO,-free conditions at room temperature (21.5 k 0.5”) in sodium 
perchlorate medium with an ionic strength of 1. 

The hydrolysis constants of neodymium(II1) reported 
in the literature’-’ (Table l), like those of the other 
rare earths studied before, show a fair diversity. 
Moreover the set of constants is not completely 
known, hence description of the hydrolytic behaviour 
at pH >7 is impossible. The diversity can be attrib- 
uted mainly to the fact that most investigations were 
done with concentrated solutions over small PH 
ranges, usually 4.5-7. Under these conditions the 
average hydroxide co-ordination number remains 
below 0.01, so determination of all the constants is 
impossible. Moreover, the affinity of Nd3+ ions for 
carbonate ions has been neglected in all cases. 

Burkov et aL6 postulated the presence of 
Nd2(OH):+ and Nd(OH)2+ from the concentration 
dependence of the hydrolysis curves. If their results, 
log*/?,,, = - 13.93 and log*/?, = -9.4 (perchlorate 
medium, Z = 3, 25”), are corrected for the presence of 
soluble carbonate-neodymium complexes and a 
lower ionic strength (I = l), log*fi,,, = - 12 and 
log*/?, = -8 can be estimated, but these data are too 
unreliable to be of any practical value. 

Azhipa et al.’ determined log*K, = 20.4 from the 
precipitation line, but obviously also did not consider 
the interference of insoluble carbonate. However, the 

*Part VI: Talanta, 1983, 30, 134. 

conclusion that the region of polycomplexation is 
rather small, with its 1% borderline intersecting the 
pH-axis near pH = 5, does seem reliable. 

Our experiments were designed to cover a wide 
range of concentration and pH (Fig. 1) and were 
done in sodium perchlorate medium (I = 1.0 at 
21.5 f 0.Y) in a nitrogen atmosphere in a glove-box. 
All manipulations were standardized for reasons 
discussed before.‘-” The precipitate was formed by a 
procedure similar to that for ytterbium.” At 
PC, < 12 the PC, value was determined with a 
pH-meter calibrated in pCn units;” for PC, > 12 the 

PC” value was established by potentiometric 
titrations.“,‘* 

RESULTS AND CONCLUSIONS 

The borderline of the precipitation region for Nd 
(Fig. 1) consists of two straight lines connected by a 
curve from PC, 8 to pCH 9. From regression analysis 
a slope of 3.5 + 0.3 can be deduced for the steep part 
up to pNd’= 4.5. This suggests that a polynuclear 
hydroxide complex with charge 4+ is present in 
solution. Of the series of possible species Nd*(OH)i+, 

Nd,(OH)‘:+, etc., only the first is likely.13 

Table 1. 

Medium Method Reference log*& h3*82.* log* KS0 

1 -9.0 sulphate, O.OOlM 
-7.5 sulphate, O.O5M, 25” 

2 -9.57 NaClO,, I = 3, 25” 
-8.5 NaClO,, I = 0.3, 25” 

3 -7.0 (H, Li)ClO,, I = 0.1, 25” 

4 -8.5 f 0.4 
5 20.4 
6 -9.4 * 0.4 - 13.93 
7 -8.0 - 13.86 18.6 

I=O.l, 25” 
chloride, I = 0.1, 25” 
NaClO,, I = 3, 25” 
I=O.l 

potentiometric titration 

potentiometric titration 

solvent extraction and 
radiochemical indication 

potentiometric titration 
oscillographic polarography 
potentiometric titration 
critical review 
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PCH 

Fig. 1. The solid curve [the borderline of precipitation of 
Nd(OH),] was constructed with the values given in Table 3. 
The dashed line is the borderline for 1% polycomplexation. 
The numbers 0, 1, 2, 3 and 4 near the straight lines 
correspond to the slopes of the straight-line segments [equa- 
tions (la)-(le)] approximating the exact envelope curve. The 

circles denote the experimental results. 

According to the theory&” in which straight-line 
segments determine the borderline of precipitation, 
we can assign equation (1 a) (see Table 2) to the steep 
part, giving as the best fit 

pNd’ = 4pC, - (27.4 f 0.05) (2) 

Hence 

2 log*K, + log*& = (27.1 + 0.05) (3) 

Equation (le) can be assigned to the horizontal part 
of the borderline. The best fit corresponds to 

pNd’ = 4.93 f 0.03 (4) 

from which follows, with equation (le) 

log*K, + log*/?, = -4.93 * 0.03 (5) 

Because it is found that with the equation 

[Nd’],,, = lo- (4PC” -27.4) + 1 o-4.93 
(6) 

a good fit is obtained for the rather sharp bend 
connecting the straight-line parts, it can be concluded 
that the major species in equilibrium with the precip- 
itate are Nd,(OH):+ and Nd(OH)3. If one of the ions 
Nd3+, Nd(OH)2+ or Nd(OH)z were present, the 
corresponding equation from the set (1 bt( Id) would 
contribute to the shape of the envelope curve. The 

Table 3. 

log*&= -8.1 log*&= -11.6 
log”,!?, = - 16.2 
log*/?, = -24.3 log*& = 19.4 

alteration in the shape would involve first the bend in 
the curve, as can be seen by moving the correspond- 
ing lines (in Fig. 1) from left to right. It follows 
that there must be limiting positions for the 
straight-line segments. As a consequence, p*K, 
(= log*b, - log*/?_ ,) cannot exceed certain values 
(the line segments intersect at PC, = p*K,). 

A series of plots was made with p*K, values 
approaching 8.1, the value that corresponds to the 
PC, value of the intersection point of the line- 
segments corresponding to equations (2) and (4). It 
was found that log*K, = log*K, = log*K, = -8.1 are 
upper limits and hence p*& = 8.1, p*/& = 16.2 and 
p*/?r = 24.3. If we combine these values with equa- 
tions (5) and (3) we can deduce log*K, = 19.4 and 
log*& = - 11.6. 

Substitution in equation (If), which represents the 
lx-borderline of the polycomplex region, gives 

pNd’,, = 2pCu - 9.3 (7) 

On this borderline, by definition, 1% of the total 
Nd is present as polycomplex Fere Nd,(OH),], which 
corresponds in this case to an average hydroxide 
co-ordination number of 0.01. Lower p*K, values 
cause a shift of this line to lower PC,. Thus, equation 
(7) represents the I%-borderline that is furthest to the 
right. 

In earlier work with other rare earths, an addi- 
tional criterion has been adopted, namely that the 
region of polycomplexation should be as small as 
possible. In some cases, we could find support for this 
assumption from investigations of others. In the case 
of neodymium we again have support for this as- 
sumption from the experimental results of Burkov et 
aL6 These authors found 1% co-ordination in a region 
just inside our polycomplex region, but the experi- 
ments were done at higher ionic strength (I = 3). 
Thus, we may conclude that the set of hydrolysis 
constants reported in Table 3 can be regarded as 
useful for analytical practice. Neodymium shows no 
amphoteric character at high PC, values. 

It is difficult to discuss the accuracy of the individ- 
ual constants. If the envelope curve is constructed, 

Table 2. 

Slope Equation for the 
Equation p q (np - 4) borderline segment 

la 2 2 4 pNd’ = 4pC, - (2 log*& + log*&, + 0.3) 
lb 1 0 3 pNd’ = 3pCa - log*K, 
1C 1 1 2 pNd’ = 2pC, - log*K,, + log*B,) 
Id 1 2 1 pNd’ = PC, - (log*K, + log*/?,) 
le 1 3 0 pNd’ = - (log*K, + log*&) 
If pNd;, = 2pC, + log*&, + 2.3 

*p = W,,(OW,l lH+l’ and -” 
w [Nd3+]P 

*&.I = */J, 
-- 

- _._ 
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DISSOCIATION CONSTANTS OF SOME 
ORGANIC ACIDS 
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Summary-Dissociation constants of di(nonylphenyl)dithiophosphoric acid, di(nonylphenyl)phosphoric 
acid and 9-phenyltetracosansulphuric acid, determined by two methods, are reported. 

There are two methods for determination of dis- 
sociation constants of organic acids that are poorly 
soluble or insoluble in water: potentiometric titration 
in 40 or 50% w/w ethanol in water,‘.* and distribution 
between two phases. 3-5 The constants for some or- 
ganic phosphoric acids are listed in Table 1. 

Higher members of homologous acid series, and 
alkylphenyldithiophosphoric acids, are insoluble in 
water, and benzenesulphuric acid derivatives with 
long alkyl chains only poorly soluble. In this paper, 
the determination of the dissociation constants of 
two organic phosphoric acids and a sulphuric acid are 
described. These acids were synthesized and exam- 
ined as part of a systematic investigation of industrial 
acids of this kind. 

EXPERIMENTAL 

Samples 

Di(nonylphenyl)dithiophosphoric acid; found: acid num- 
ber 1.87 mmole/g, P = 5.8x, S = 12.0%: theory requires 
P = 5.80x, S = 11.98%. Di(nonylphenyl)phosphoric acid; 
found: acid number = 1.99 mmole/g, P = 6.2%; theory re- 
quires 6.18%. 9-Phenyltetracosansulphuric acid; found: 
acid number = 2.02 mmole/g, S = 6.5%; theory requires 
S = 6.47%. All the reagents used were of analytical grade. 

Apparatus 

The pH measurements were made with a Radelkis pH- 
meter type OP-204/ 1, glass electrode OP-07 18 1 and calomel 
electrode OP-0830 1. 

Procedure 

The method was adopted from Handley et ~1.~ The 
dissociation constants of di(nonylphenyldithiophosphoric 
acid and di(nonylphenyl)phosphoric acid (Table 2) were 

Table 2. Dissociation constants 
(k standard deviations) for di(no- 
nylphenyl)dithiophosphoric acid (A) and 
di(nonylphenyl)phosphoric acid (B) (ionic 

strength = l.OM at 25.0”) 

Acid Solvent system pK 

A CCGwater 5.40 f 0.05 
n-hexane-water 5.38 + 0.05 

B CClhwater 6.30 f 0.06 
n-hexane-water 6.26 k 0.06 

calculated from data obtained from distribution between 
aqueous sodium chloride solution and carbon tetrachloride 
or n-hexane. 

No evidence was found for the dimerization of the acids 
in the organic phase, since log corg us log [H+][R- ] was a 
straight line with slope equal to one. 

The dissociation constant of 9-phenyltetracosansulphuric 
acid was determined by the method of White.r This poten- 
tiometric titration was done in 50% w/w ethanol in water at 
25.0” by using the non-thermodynamic cell and buffer 
solution proposed by White.r A value was calculated for the 
constant in water, pK = 3.31 - 1.66 = 1.65, by applying a 
correction of A pK = 5.87 - 4.21 = 1.66 by analogy with the 
pK values for benzoic acid measured in water and in 50% 
w/w ethanol in water. The standard deviation was 0.02. 
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Table I. Dissociation constants of organic phosphoric acids 

Compounds pK at 25” Method Reference 

O,O’-diethyldithiophosphoric acid 
O,O’-diethylthiophosphoric acid 
di-n-decylorthophosphoric acid 
di-n-dodecylorthophosphoric acid 
diethyldithiophosphoric acid 
di-isopropyldithiophosphoric acid 
di-n-butyldithiophosphoric acid 
di-isobutyldithiophosphoric acid 
di-n-butylphosphoric acid 

O.O’-dibutvlphosnhoric acid 

2.11 kO.01 
1.83 + 0.07 
3.28 f 0.08 
3.40 f 0.07 

-0.01 
0.00 
0.22 
0.10 

1 .oo + 0.01 

-0.3 

Potentiometric titration in 0.8M KNO,, 1 
and 40% w/w ethanol in water. 
Potentiometric titration 2 
in 50% w/w ethanol in water. 
Distribution between Ccl, 
and 1M NaCl. 

3 

Distribution between CHCI, or n-hexane 4 
and O.lM and IM HCIOhNaC1O,. 
Distribution: conditions unknown. 5 
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POTENTIOMETRIC INVESTIGATION OF THE STABILITY 
OF SILVER(I) COMPLEXES OF SOME N-METHYL 

SUBSTITUTED 4-H-DIETHYLENETRIAMINES 
IN AQUEOUS SOLUTION 

J. YPERMAN, J. MULLENS, J.-P. FRANCOIS and L. C. VAN POUCKE 

Limburgs Universitair Centrum, Departement SBM, Universitaire Campus, B-3610 Diepenbeek, Belgium 

(Received 3 October 1983. Accepted 13 March 1984) 

Summary-By means of potentiometric pH and pAg measurements, the stability constants and the 
stoichiometric composition of the silver(I) complexes of some N-methyl-substituted 4-H- 
diethylenetriamines, in aqueous medium of ionic strength 1.3 and at a temperature of 25.00”, have been 
determined. In addition to mononuclear and polynuclear complexes, together with their protonated forms, 
some hydroxo complexes are formed. The values of the stability constants are discussed in terms of 
possible structures. _ 

The formation of complexes between silver(I) and 
some N-methyl-substituted Cmethyldiethylene- 
triamines has already been studied.’ This paper 
describes the investigations of the N-methyl- 
substituted 4-H-diethylenetriamines, namely, diethyl- 
enetriamine (PSP); 1-methyldiethylenetriamine 
(SSP); 1,l -dimethyldiethylenetriamine (TSP) and 
1,1,7,7_tetramethyldiethylenetriamine (TST): 

R H 
\ /R 

N-CH*-CH2-A-CH2-CHI-N 

R’ ‘R 
1 2 3 4 5 6 7 

where R stands for CH, or H. The shorthand no- 
tation given in parentheses indicates whether the 
amino groups, in the sequence end, central, end, are 
primary (P), secondary (S) or tertiary (T). Complex 
formation between PSP and silver(I) has been in- 
vestigated by various workers;2-5 the species reported 
include AgL,2,4,5 AgLH,2,4 Ag, L,2,4 and AgLH2 ,4 
where L is PSP and charges are omitted for sim- 
plicity. For imino-bis(methylene-2-pyridine) and sil- 
ver(I), Rometsch et al.’ found only the mononuclear 
species corresponding to AgL and AgL,. 

In contrast to these results, for the analogous 
ligands, the 4-methyl derivatives,’ in addition to these 
complexes, we have found dinuclear and trinuclear 
complexes, together with protonated and hydroxo 
complexes. Diethylenetriamine is of analytical inter- 
est; for example it has been shown to be the most 
satisfactory of a number of aliphatic amines for 
impregnating the silica gel layer in TLC separation of 
metal ions.’ 

EXPERIMENTAL 

Apparatus and reagents 

The pH values were obtained by means of a calibration 
procedure using Gran p1ots.s The Ag,Selectrode used gave 

Nemstian response. More details are given in previous 
papers.‘.’ 

Measurements 

Because a great diversity of complexes is expected, a large 
concentration range is needed. On the other hand it is 
desirable that the concentration of free ligand should be 
calculable without any assumptions about the stoichiomet- 
ric composition of the complexes formed, i.e., by using the 
&terberg methodlo (method 1) or the dilution method 
(method 2).” 

Titration curves for PSP and Ag+ were measured and 
treated by using the t)sterberg method.‘O It was found that 
a very small change in the p&-values causes a very great 
change in the calculated free ligand concentration. On the 
other hand, the so-called “dilution method”, which was 
described” and applied’ earlier, gives very good results in 
the calculation of free ligand concentrations, and the experi- 
mental data can be treated without any transformation. As 
the experimental data were finally to be handled by the 
computer program Miniquad,” and knowledge of the free 
ligand concentration was therefore not needed, a third set 
of data was added, in which Q/C,, and C,, were changed 
for each titration curve (method 3). 

For the so-called “dilution method”, titration curves were 
recorded for C, /C,. = 3, by the procedure used earlier.’ In 
the third set ofexsmentai data, the C&Z,, ratios studied 
were 10, 5, 2, 1, 0.5 and 0.25. More details were given 
earlier.‘,9 

RESULTS AND DISCUSSION 

The general formation reaction of the complex 
A$L,H, is given by equation (1): 

qL +pAg+ + rH++Ag,,L,Hy+*+ (1) 

The overall concentration stability constant is given 
by: 

(Ag,L,H$“+“+) 

& = (Ag+ )“(L)q(H+) (2) 

Negative values for r imply formation of hydroxo 
complexes. 

From the titration curves, obtained by method 2, 

135 
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8.5 9.0 95 10 105 85 9.0 95 10 105 

TST PSP 

PH PH 

Fig. 1. p, p and P for TST OS. the pH for three different but Fig. 2. p, ij and f for PSP us. the pH for two different but 
constant CL and C,, values. The “dilution method” is used. 
CL, lo-‘M: 0 17.1; x 8.52; n 4.26. C,,, lo-‘M: . 5.71; 

constant CL and C,,a values. The “dilution method” is used. 

x 2.86; n 1.43. 
x c, 0.0120M; c,, 0.00400M; . c, 0.0046OM; c*r 

0.00154M. 

it is found that there is some weak complex formation 
before the first equivalence point. In calculating the 
free ligand concentration, as a first approximation we 
neglected this complex formation and later found 
that corrections for it, calculated from the stability 
constants obtained, were insignificant. 

The results obtained by means of this method for 
TST are shown in Fig. 1, where j, 4 and T are the 
mean values found for p, q and r. This figure shows 

that mononuclear species are dominant. Because Jr is 
slightly greater than 1, the polynuclear TST com- 
plexes are not negligible. By comparison, the results 
for PSP (Fig. 2) indicate that polynuclear complex 
formation is much more pronounced. TSP and SSP 
give figures similar to that for PSP. The values of 4 
are always higher than the corresponding j values, 
and f varies between 1.0 and -0.1. 

From these results it can be concluded that for TST 

I 
CL 

9.8 

6.9 

8.1 

6.4 

5.6 

mmole KOH 

Fig. 3. pH VS. amount of KOH added for PSP with and without Ag+. Curve 1: CL = 0.1571 mmole and 
CAP = 0.0 mmole. Curve 2: CL/C,, x 10/l. Curve 3: CL/C,, x 5/l. Curve 4: CL/C,, z 2/l. Curve 5: 

CL/C,, z l/l. Curve 6: CL/CABx l/2. Curve 7: C,/C,,x l/4. 
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the most probable species formed are AgL, AgLH, 
AgL, and AgL,H. As there is some indication of the 
presence of polynuclear complexes, AgzL, must be 
taken into account, and hydroxo complexes are also 
possible. 

For TSP, SSP and PSP, the most likely species are 
Ag,Lz, and AgL,, and their corresponding pro- 
tonated species. The presence of AgL and perhaps 
AgLH is less probable than in the case of TST, but 
cannot be excluded. 

For PSP even the complex Ag,L, can be consid- 
ered. There are also some indications of the presence 
of a hydroxo complex. 

In Fig. 3, as an example, the experimental data 
obtained by method 3 for PSP, with and without 
Ag+, are presented, i.e., the measured pH US. the 
amount of potassium hydroxide added. From this 

AgL+ + L=AgL; 

Ag+ + LH+ =AgLH*+ 

AgL+ + H+=AgLH*+ 

Ag+ + LH+ + L+AgL*H*+ 

AgL: + H +=AgL*H*+ 

Ag+ + 2LH+ $AgL,H;+ 

AgL2H2+ + H++AgL,H:+ 

Ag+ + LH;+ =AgLH;+ 

AgLH2+ + H+ $AgLH:+ 

AgL: + Ag++Ag,L;+ 

2AgL+ =Ag,L:+ 

2Ag+ + HL+ + L+Ag,L2H3+ 

Ag,L;+ + H+$Ag2L2H3+ 

2Ag+ + 2HL+ =AglL2H;+ 

Ag2L2H3+ + H++Ag2L,H:+ 

2AgLH2+ +Ag, L2 Hj+ 

Ag2L;+ + Ag+$Ag3L;+ 

elimination of complexes in the minimization process 
are given in our previous article.’ The final results of 
these calculations are summarized in Table 1. 

For all four ligands the following complexes were 
found to be formed: AgLH2, AgLH, AgL2 H,, AgL,, 
Ag,L2, Ag, L2 and AgL(OH). In the dilution method 
p never exceeds 2 but it must be remembered that 
&/CA, is fixed at 3. A number of protonated Ag2L2 
complexes were detected for PSP, SSP and TSP, but 
not for TST. AgL,H was not found for TSP. AgL 
was found only for TST. Several attempts were made 
to prove or disprove the existence of AgL for SSP, 
PSP and TSP, but no positive evidence was found. 
We must conclude that this species is not present for 
these triamines. The complex Ag2LX was found only 
for PSP, but only in small amounts. 

The further discussion requires definition of the 
following equilibria and their equilibrium constants. 

K,2 = 8,20/8,,0 (3) 

K,,, = B,,,/Bo,, (4) 
I 

K,,, = B,,,/B,,o (5) 

K,21 = 8121 /Bo,, (6) 

K;2, = /9,2,/8,20 (7) 

422 = P,22IB&, (8) 

fG22 = 8,22/8,2, (9) 

412 = /9,,2/&,2 (10) 

G,2 = 8,12/P,,, (11) 

K22 = 8220 I8120 (12) 

Kd = ~22oM:,, (13) 

K22, = 822, /&,I (14) 

G2, = 822, iB220 (15) 

K222 = 8222 IS;, I (16) 

G22 = 8222 I8221 (17) 

K:, = B222lB:,, (18) 

K32 = P320 lB220 (19) 

Ag+ f L + H,O=AgL(OH) + I-I+ 8,,(-,, (20) 

figure, it can be seen that weak complexation occurs 
before the first equivalence point. For TST, TSP and 
SSP the picture is very similar, but the less the degree 
of N-methyl substitution, the greater the difference in 
pH between the titration curves, i.e., the stronger and 
probably the more diverse the complexation is before 
and after the first equivalence point. 

Only the experimental data from methods 2 and 3 
were treated by the computer program Miniquad, in 
order to handle all the triamines in the same way, and 
seek the best model for the stoichiometric com- 
positions and corresponding stability constants. For 
each system, more than 1000 titration points over a 
wide concentration range were used. Criteria for 

The log K and the log K' values can thus be 
calculated from the log /I,, values in Table 1 and the 
values of iog /IO,,, the formation constants9 of the 
three protonated forms of L. The log /I,,,, values are 
given in Table 2. The absence of the species AgL in 
the case of PSP, SSP and TSP is very striking. It was 
found earlier,” in a study of complexes of Ag+ with 
ethylenediamine, that the complex AgL was not 
present at all. A possible reason for this might be the 
increasingly high stability of the polynuclear com- 
plexes formed, especially Ag, L2 and even Ag, L, , with 
decrease in the degree of N-substitution of the ligand. 

In the case of PSP, SSP and TSP, equilibrium (13) 
is shifted strongly towards the right, because of the 
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Table 1. The log &, values for the complexes formed according to reaction (1) 
for the four hgands; for AgL(OH), reaction (20) must be considered 

Complex 8,, PSP SSP TSP TST 

AgLJ-J, 20.32 (1) 20.56 (1) 19.56 (1) 18.81 (1) 
AgLH 

; 112 
III 13.73 (2) 13.77 (1) 13.18 (1) 12.59 (0) 

AgL 110 4.14 (0) 
AgL,H, ; 122 27.&3) 27.&2) 25.99(2) 24.15 (2) 
AgL, H 121 17.78 (4) 17.75 (4) 15.81 (1) 
AgL, ; 120 7.90 (3) 7.87 (2) 7.74(l) 7.24 (0) 
Ag, L2 H2 30.03 (3) 30.04 (2) 28.41 (3) - 
Ag, L2 H 

2: 

22.72 (2) 22.33 (1) 20.86 (2) 
Ag, L, 

2: 

15.10 (0) 14.41 (0) 13.84 (0) 10.&l) 
Ag, L2 17.94 (0) 16.74 (1) 15.35 (1) 12.35 (1) 
AgL(GH) B, ,(- 1) - 5.54 (2) -6.10(4) - 5.96 (2) -6.62(l) 
Ag, L3 B 230 16.39(4) - - - 

The numbers in brackets are the standard deviations and refer to the last 
significant figure, i.e., (1) means 0.01. 

great stability of the Ag,L, complexes, their log /I202 
values being 3 units greater than log bzo2 for the TST 
complex (Table 1). 

The great stability of the Ag,L, complex can only 
be explained by suggesting that this species has a ring 
structure. It is found that the smaller the ring size for 
rings with more than six members, the greater the 
stability. Therefore a ten-membered ring is proposed 
for the species Ag,L,, besides a ring with sixteen 
members, especially in the case of PSP. Examination 
of the magnitudes of the log K22 values (Table 2), 
shows that the formation constants for the PSP, SSP 
and TSP complexes are twice that of the TST com- 
plex. This demonstrates again the great dependence 
of the stability of the Ag,L, complex on the nature 
of the ligand. 

For PSP, SSP and TSP, the magnitude of these 
formation constants (log K12) is of the same order as 
the log /I,*,, values. We conclude, therefore, that 
reaction (12) involves formation of two further Ag-N 
bonds: in other words, ring closure. The log Kx2 value 
for TST refers to the formation of only one extra 

Table 2. The log K and log K’ values for the complexes 
formed according to reactions (3~( 19) for the four triamines 

Ligand 

Constant PSP SSP TSP TST Complex 

log K,I, 3.63 3.53 3.27 3.00 AgLH (4) 
tog g; I I 8.45 AgLH (5) 
log K,,, 0.83 0.74 0.53 0.26 AgLH, (10) 
log K;u 6.59 6.79 6.38 6.22 AgLH, (11) 
Jog 42 3.10 AgL, (3) 
log 42, 7.68 7.51 - 6.22 AgL,H (6) 
log K;,, 9.88 9.88 - 8.57 AgL,H (7) 
log 422 7.09 6.85 6.17 4.97 AgL,H, (8) 
log G22 9.51 9.58 - 8.34 AgL,H, (9) 
log K22 7.20 6.54 6.10 3.65 Ag,L,(l2) 
log K, 2.61 Ag,L,(l3) 
log &I 12.62 12.09 10.95 - Ag,L,H (14) 
log KG21 7.62 7.92 7.02 - Ag, L, H (15) 

log K222 9.83 9.56 8.59 - Ag,L,H,(l6) 
log G22 7.31 7.11 7.55 - Ag,L, Hz (17) 
log K:, 2.57 2.50 1.55 - Ag,L,H,(l8) 
log K32 2.84 2.33 1.51 1.46 Ag,L,(l9) 

Ag-N bond. Probably a terminal tertiary N-Ag 
bridge is formed: because of extra charge repulsions 
a displacement of the central N-Ag bridge is possible. 

As already mentioned, AgL but not Ag2Lz was 
previously reported in the case of PSP as ligand.2~4~5 
Prue and Schwarzenbach2 also reported the complex 
Ag2L, but Machtinger et ~1.~ mentioned only the 
possible existence of this species. We made several 
attempts to demonstrate the presence of this complex, 
but our computer-preferred model always gave the 
species Ag2L2 and Ag,L, rather than Ag,L. 

It is also striking that the complex AgLH, is found 
for these 4-H-derivatives but not for the 4-methyl 
derivatives.’ The log K,,, values and, to a lesser 
extent, the log K;,2 values, show that this complex is 
not very stable. The nature of the central amino 
group plays an important role in the structure and 
possibility of existence of this complex. 

The log &20 values indicate’.‘4 that AgL2 must have 
a linear structure, and the log K,2, and log K,22 values 
show that binding of another proton does not change 
the proposed linearity. The formation constants are 
of the same magnitude as the log /IlzO values, though 
somewhat lower because of the extra positive charge. 
For TST the log K,22 value is much smaller, possibly 
because of competition between Ag+ and H+, con- 
cerning the most likely N-Ag or N-H- bond. The log 
K;,, and log K;,, values support this. 

For PSP, SSP and TSP, the addition of one or two 
H+-ions to Ag2L2 results in partial ring opening, as 
is demonstrated by the smaller log Kz2, and log K222 

values, in comparison with the log /322,, values. 

The log 811C--1j values show a very peculiar se- 
quence, according to the nature of the ligand. This 
was also found in the study of the 4-methyl deriva- 
tives.’ An explanation for this is a change in the 
co-ordination number of Ag + , as reported by Ohtaki 
et a1.‘5-‘6 
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COMMENT ON LASER-EXCITED FLUORESCENCE 
LINE-NARROWING: AN ANALYTICAL STUDY 
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(Received I December 1983. Accepted 20 April 1984) 

Summary-A recent paper (D. Bolton and J. D. Winefordner, Talunta, 1983,30,9) on the analytical utility 
of laser-excited fluorescence line-narrowing is critically assessed. 

In a recent paper’ Bolton and Winefordner (BW) 
reported on the limit of detection (LOD) for 
fluorescence line-narrowing spectroscopy (FLNS) of 
polycyclic aromatic hydrocarbons (PAHs) in a glyc- 
erol:ethanol:water glass at 4.2 K. The PAHs studied 
were anthracene, 2- and 9_methylanthracene, 9,1 O- 
dimethylanthracene, perylene and pyrene. The 
LOD values were compared with those determined 
for the same compounds by room-temperature 
fluorescence and low-temperature fluorescence spec- 
trometry. In our opinion the BW paper presents a 
very misleading assessment of the analytical utility of 
FLNS. Because of our experience in exploring this 
question2-9 we feel compelled to make the following 
comments. 

1. The procedure and apparatus used by BW for 
FLNS are similar to those employed by us. The 
liquid-helium bath, sample preparation, sample cool- 
down procedures and monochromator bandpass 
(1 A) are identical. Comparison of the N,-pumped 
dye lasers, monochromator apertures and slit-widths 
utilized by BW and by us indicates there should be 
approximate parity in sensitivity. Nevertheless, for 
the compounds listed, BW report LOD values be- 
tween 100 and 1000 ng/ml. For the same compounds 
and several others our standard FLN spectra were 
generally obtained with very high signal-to-noise ratio 
(S/N) at 200 ng/ml.3,5 Indeed, for perylene (BW 
LOD = 100 ng/ml), pyrene (BW LOD = 300 ng/ml), 
and 1-methylpyrene we obtained a detection limit 
(S/N > 5) of -0.02 ng/ml.5 In the direct analysis of 
a solvent-refined coal II sample, I-methylpyrene, 
benzo[e]pyrene, benzo[u]pyrene, anthracene, per- 
ylene and benzo[k]fluoranthene were characterized 
and determined at concentrations ranging between 
-2 and 30 ng/ml (in the glass).’ Thus, the rather 
bleak sensitivity picture for FLNS painted by BW is 
hardly warranted. As discussed elsewhere,3,5 with 
improvements in the FLNS apparatus used in refer- 
ence 3, detection limits of 1 pg/ml are readily 

achievable for strongly fluorescent PAHs in pure 

solvents. 
2. The failure of BW to achieve with FLNS the 

respectable LOD for PAHs that is routinely obtained 
in our laboratory may be due, in part, to the 
different gated-detection electronics and data- 
handling procedure they utilize. They mention a 
problem with high background signals but are not 
specific about it. We have never experienced back- 
ground interference except at very low concentrations 
(4 1 ng/ml).’ Nor has small bubble formation from 
boiling He posed an insurmountable problem as it 
did in their w0rk.j However, another problem in the 
BW studies appears to be their choice of excitation 
wavelength (Iz,,) and emission wavelength (&,,). For 
example, in the case of anthracene, A,, = 364.0 nm (as 
used by BW) excites vibronic bands at an energy level 
some 1200 cm-’ above the S, origin. At this energy 
there is considerable overlapping of vibronic bands, 
so FLN is observed from several isochromats. Al- 
though a similar 1,, (363.8 nm) was used in reference 
2, that work was done with a non-tunable Ar+ laser. 
A better choice of de,, is given in references 3 and 5. 
In that work & = 373.8 nm was used. This corre- 
sponds to excitation into the centre of the first 
vibronic band, so that only a single isochromat 
will fluoresce. Consider also the case of 
9-methylanthracene. The I,, = 382.5 nm chosen by 
BW is midway between the centres of two over- 
lapping vibronic absorption bands. Thus two bands, 
separated by the vibronic energy difference, will emit. 
This emission will be weak because the excitation is 
into the tail of each band. Furthermore, the most 
intense zero-phonon line associated with the emis- 
sions will be at - 388 nm and - 393 nm, respectively. 
The I,, value chosen by BW, however, is 390.6 nm, 
in a “valley” nearly midway between the two zero- 
phonon lines! Finally, it has been observed in our 
laboratory that 2-methylanthracene is not amenable 
to FLN analysis in glycerol, water, ethanol glasses at 
concentrations greater than 100 ng/ml (BW’s LOD 
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for this species). At these concentrations the emission Acknowledgemenr-Ames Laboratory is operated for the 
is broad, owing to aggregation.’ U.S. Department of Energy by Iowa State University under 

3. BW assert that the loss of FLN behaviour when contract No. W-7405-Eng-82. This research was supported 

lc2,, pumps vibronic levels of the fluorescent state 
by the Office of Health and Environmental Research, Office 

uossessing 2 1500 cm-’ excess vibrational energy is 
of Energy Research. 

due to “rapid local site-melting”. This explanation is 
erroneous. The correct explanation2~3~‘o has to do 
with the fact that at such high excess vibrational 
energy several isochromats belonging to different 
overlapping vibronic absorption bands are pumped. 

In conclusion, BW report LOD values for FLNS 
which are anomalously high, do not discuss their 
results in the light of those from earlier work,3,S and 
ignore several other attributes of the technique. For 
example, FLNS possesses high selectivity,3-9 which 
was initially the reason why our laboratory pursued 
and developed it as an analytical technique. Another 
example is that water-based glasses impart to it a 
versatility which other solid-state fluorescence meth- 
ods do not possess. For example, by acidification of 
the glass the amino-derivatives of PAHs can be 
studied.7e9 As another example we cite recent work 
where we have successfully applied FLNS to 
aromatic carcinogen-DNA adducts and shown that 
two adducts formed by different metabolic paths 
for benzo[a]pyrene can be distinguished in a 
mixture.‘.” 
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Summary-In potentiometric studies of metal-l&and equilibria a given model is tested by adjustment of 
the corresponding stability constants with the purpose of obtaining as good a fit as possible to the 
experimental data. When judging the goodness-of-fit it is of great importance to be in control of any 
possible systematic error in concentrations or electrode parameters. The molybdate-oxalate system is used 
to demonstrate how one crucial parameter influences the evaluations of goodness-of-fit. The system is 
simple, having only one complex species, MoO,oxal’-, with logarithmic stability constant 13.816 in the 
pH-range 4-7. 

For several decades potentiometric methods have 
been applied to the study of complex-formation in 
solution. Above all, the glass electrode has proved 
valuable in the determination of accurate formation 
constants. Admittedly, experimental conditions must 
be carefully controlled and even then there remain 
uncertainties concerning the electrode parameters. 

These uncertainties will be transmitted to the next 
phase of the study: the calculation of formation 
constants of the equilibrium model under trial, and 
the evaluation of some measure of goodness-of-fit, 
often the sum of the square of the differences between 
observed and calculated values. If the number of 
complex species formed is unknown the experimental 
uncertainties will contribute to the problem of when 
to stop adding species to the model. 

May et al.’ have described these problems at length 
and proposed some computational methods for the 
simultaneous determination of protonation constants 
and glass-electrode parameters. The purpose of this 
paper is to direct attention to one source of error 
which in our investigations appeared to be crucial 
when judging the adequacy of a model. 

The complex formation between molybdate(V1) 
and oxalate will be used to demonstrate how a 
modified electrode calibration procedure led to 
significant improvement in the description of the 
equilibrium system. The molybdenum(VI)-oxalic 
acid system has been the subject of several in- 
vestigations. Recently Beltran et al.* applied spec- 
troscopy and saline cryoscopy to the problem and 
concluded that species with Mo/oxalate stoichiomet- 
ric ratios 1: 2 and 2:2 were present. According to 

*Author for correspondence. 

MikeSova and BartuSek,’ using potentiometric ti- 
tration techniques, a monomeric 1: 1 species is 
present. This was also found by Stary.4 Chalmers and 
Sinclair,5 who used spectroscopy and pH mea- 
surements, also reported a 1: 1 complex, but consid- 
ered that a dimeric structure was also possible; their 
work was done with much higher concentrations of 
molybdate and acid than those used by us, however. 
It seems that potentiometric titrations combined with 
comprehensive computerized methods have not yet 
been applied to the system. 

THEORY 

The electrochemical cell used 
conventional: 

in this work is very 

reference electrode 

The boundaries, g and 1, respectively, indicate the 
glass membrane and the liquid junction between the 
test solution and the salt bridge. The measured emf 
of the cell is given by the equation: 

E,,, = E” + T In{H+} 

where E” is a “constant” including the standard 
electrode potentials and the liquid-junction potential. 

The experimental conditions relevant to this work 
seem to ensure constancy of the liquid-junction po- 
tential. In accordance with others we find the glass 
electrode to exhibit a Nernstian response over a wide 
range of concentration. Since we are not interested in 
the hydrogen-ion activity, the ionic strength of the 
solution is kept constant, and consequently equation 
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(1) can be simplified: 

&II = EC,,,, + s log[H+] (2) 

where s has the theoretical Nernstian value and [H+] 
represents the concentration of free hydrogen ions. 
Hence, all constants (including the hydrogen-ion 
activity coefficient) are collected as E,,,,. Because of 
small variations in the asymmetry potential, Econs, has 
to be determined for each titration. An internal 
calibration performed in the test solution itself is 
highly desirable but not always possible. In the 
present investigation of molybdate-oxalate mixtures, 
internal calibration is not feasible. The electrode 
calibration for a titration taking place with pH-values 
below 7 will be based on measurements on solutions 
with known concentrations of hydrogen ions in the 
pH range of about 2.3-2.9. The test solution is 
completely characterized by the total concentrations 
of the individual reactants and by the corresponding 
formation constants. A number of mass-balance 
equations will correlate these concentrations to the 
model; for example 

TH=[H+I+CC~B~,[LI~[H+I (3) 
P r 

TL = Ll + 1 C P& [LIP W +lr (4) 
P 1 

The data-processing in the present work sets no 
theoretical limits to the number of equations neces- 
sary to define the model, i.e., the number of complex 
species. All parameters needed, viz. E,,,,,, analytical 
concentrations, and titration volumes, are subject to 
errors which impose uncertainties on the model test- 
ing, by influencing the measure of goodness-of-fit. 

In this work r, is singled out as the dependent 
variable, i.e., it is calculated as a function of all the 

other parameters and compared with the expected 
value by a non-linear least-squares method. 

EXPERIMENTAL 

Reagents 

Sodium oxalate and sodium molybdate (both Merck p.a.) 
were titrated with a standardized permanganate solution 
according to methods described by Vogel.“ Standardized 
nitric acid diluted from Merck Suprapur nitric acid was used 
as the acidic titrant. The ionic strength was kept constant at 
0.150 by means of potassium nitrate (Merck p.a.). In a few 
titrations potassium nitrate (Merck, Suprapur) was used for 
comparison. 

Apparatus 

The emf values were measured as described earlier’ but a 
few changes were made in the equipment. The motor-driven 
burette used was a Radiometer ABUIO, and a Radiometer 
PHM84 pH-meter was used as an electrometer. The free 
hydrogen-ion concentration was monitored by means of a 
glass electrode (Metrohm EA 109), and a calomel electrode 
(Metrohm EA 494) was used as reference electrode. The cell 
temperature was kept constant at 25.00 f 0.05” by means of 
a water thermostat. The electronic timers’ were replaced by 
a computer, HP9825 B/T, used as a process controller. The 
motor-driven burette was controlled by a relay actuator, 
HP59306A. BCD outputs from the pH-meter and the 
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Fig. 1. Concentration diagram showing the concentrations 
used. 

burette were input to the computer by means of a BCD- 
interface, HP98033A. The process controller ensured that 
equilibrium was attained before read-out and before the 
next addition of titrant. 

The absolute concentration ranges used are displayed in 
Fig. 1 for the separately titrated solutions of molybdate and 
oxalate and for the mixtures. The metal-to-ligand ratio was 
varied between 1: 2 and 2: 1 in the mixtures, which were 
titrated in the pH-range from ca. 7 to ca. 4. For titration of 
oxalate and for the calibrating titrations of potassium 
nitrate the pH-range was extended down to ca. 1.8. 

Calculations 

All calculations were performed on the RC8000/ 15 at this 
Institution. The software program TITRER is essentially the 
same as that outlined earlier.’ The non-linear least-squares 
minimization algorithm has been improved so that even 
very poor initial guesses can now be effectively handled. The 
weighting has been slightly adjusted along the lines de- 
scribed by Avdeec8 the weighting factor is calculated from 

cr(ml)2 = weight-’ = ui + [u,d(ml)/de(mV)12 

In the present work the values es = 0.003 ml and 
oe = 0.1 mV, respectively, are used, and the necessary slopes 
are calculated by means of a cubic spline technique. The 
weighting has proved reasonable, since simple test systems 
with known models give variance values close to those 
expected for a normalized distribution, namely unity. 

NUMERICAL EXPERIMENTS 

The two protonation constants of oxalic acid were 
determined, with Emns, from equation (2) and the 
results are displayed in Table 1. Simulations of the 
titrations were then run with synthetic errors added 

Table 1. Protonation constants of oxalic acid using different 
calibration svstems; 5 titrations with a total of 52 uoints 

Calibration method log 811 log 812 Variance 

E equation (2) mns, 3.825 4.831 3.17 
E eOnPl equation (6) 

(individual 3.744 4.768 0.51 
calibrations 

E eonlt equation (6) 
(combined 
calibrations) 

3.748 4.742 0.57 
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to one primary parameter at a time. These numerical 
experiments clearly proved the initial concentration 
of hydrogen ions to be the most sensitive parameter. 
Indeed, this observation has been made on other 
systems by other authors and some methods have 
been proposed for the analysis of titration curves.’ 
We have adopted the practice of introducing an 
additive correction to the initial concentration of 
hydrogen ions and letting the data-fitting program 
optimize the corrections as parameters specific to the 
individual titrations, in the hope that the corrections 
to the initial hydrogen-ion concentration will be so 
small compared with the analytical uncertainty that 
they can be accepted, and the adequacy of the model 
can be evaluated without bias. When the corrections 
are too great to be accepted it has been the practice 
to revise the model or discard the titration. The new 
procedure described below is of value in making an 
objective evaluation of the goodness-of-fit. 

CALIBRATION OF ELECTRODE 

Calibration of the glass electrode is in principle the 
calculation of Econst from measurements of E,,, in 
solutions with known hydrogen-ion concentration 

E CO”SL = E,,, - s log[H+] (5) 

Because of experimental uncertainties it is necessary 
to take the mean value of E,,,,, over a pH-range. For 
some time we have been haunted by too large an 
error in the initial hydrogen-ion concentration pre- 
dicted by analysis of titration curves. At the same 
time it was clear to us that the calibration procedure 
for the glass electrode was not quite satisfactory, 
since stable values for EC,,,, emerged only from a 
rather narrow range of low pH-values and, more 
seriously, the values obtained from higher pH-values 
were systematically low. The procedures of May et 
al.’ remedy this adverse situation by simultaneously 
refining EC,,“, and the titrant acid concentration. 
Following such a procedure, however, we arrived at 
greater changes in titrand concentration than were 
acceptable. An obvious cause for this could be the 
presence of a hydrolytic system in the ionic-strength 
buffer (0.150M KNOr) so that the calibration was 
being performed with a constant bias to the 
hydrogen-ion concentration 

E CO”Sf = E,,, - s log([H+] + A) (6) 

where s is assumed to have the theoretical Nernstian 
value. By performing a non-linear regression analysis 
on the experimental data (E,,, and the analytical 
[H+]) we arrived at very well determined values for 
E const and A, and a very satisfying fit to the calibration 
curve. It turned out, as expected, that A had a 
negative sign corresponding to an alkaline impurity. 
To find out whether this impurity was real or an 
artefact, we tested several batches of potassium ni- 
trate, including Merck Suprapur quality, and it 
turned out that A was clearly related to batches and 

was virtually nil for the Suprupur salt. Potassium 
nitrate of analytical grade showed a hydrogen-ion 
concentration of -0.07 f 0.005 mole% whereas the 
Suprapur quality showed -0.005 f 0.002 mole%. 
This conclusion is supported by the observation that 
calibrating with use of varied volumes of salt solu- 
tions leads to different (but all in the same direction) 
deviations from the extrapolated values of E,,, and 
that introduction of A yields the same correction to 
the total hydrogen-ion concentration (Fig. 2). 

Calibrations performed in this way are in fact 
quantitative determinations of very small amounts of 
acid or base in the potassium nitrate. The value of A 
is consequently used to correct the initial concen- 
trations of hydrogen-ion for all titrations of proto- 
lytic systems. Thereafter equation (2) is applied for 
the calculation of [H+]. 

The discrepancy between the extrapolated and 
computed values of EC,,,, should be noted. The final 
proof of the reality of the alkaline impurity comes 
from the fact that when titrations of oxalic acid (and 
some hydroxy acids to be reported) were re- 
examined, introduction of A from the calibrations led 
unconditionally to better fits. The oxalic acid system 
especially benefited from the adjustment, since with- 
out it the curve fitting would have an unacceptably 
large variance (far from the ideal value of unity). The 
calibration procedure now adopted at this laboratory 
is to make frequent calibrating titrations of potas- 
sium nitrate and then to make a combined curve- 
fitting with all the calibrating titrations in a short 
series, so as to produce an [H+]-correction common 
to all the titrations, but with individual values for 
E cons,’ There seems to be no need for recrystallizations 
of the potassium nitrate. The presence of a slight 
amount of alkali will not lead to an initially alkaline 
solution, since the unavoidable presence of carbon 
dioxide will turn it into a buffer system. The pH of 
such a solution (without additional strong acid) is 
ill-defined, but definitely in the acidic part of the 
pH-scale. 
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Fig. 2. Calculated values of E,,,, obtained by using equa- 
tions (2) (a) and (6) (0). Horizontal line indicates the best 

value of I$,,,, with equation (6). 
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Table 2. Stability constants (log &J of complex species MpA,H, (M = molybdate, A = oxalate, 
H = proton) in 0.15M KNO, at 25°C 

Number of 
Species titration points/ 108 s,, 

P Q r number of titrations *3a Variance 

Oxalate 

Molybdate 

Molybdate-oxalate 
with fixed primary 
parameters 
Molybdate and 
molybdate-oxalate 
with only oxalate 
as fixed parameter 

0 1 1 3.748 + 0.002 
0 I 2 5215 4.142 * 0.012 0.57 
1 0 1 3.809 f 0.038 
7 0 8 122/15 52.976 f 0.040 2.42 
7 0 9 58.083 + 0.013 
7 0 10 61.792 f 0.031 

1 1 2 5116 13.816 f 0.003 2.83 

1 1 2 13.816 k 0.003 
1 0 1 3.805 + 0.033 
7 0 8 173121 52.978 & 0.038 2.54 
7 0 9 58.082 f 0.013 
I 0 10 61.793 + 0.032 

A special computer program called ENUL has 
been written in ALGOL8 for non-linear curve-fitting 
for a series of calibration titrations. 

Table 1 shows how the formation constants depend 
on the calibrating procedure. The variances are satis- 
factorily small with the new procedure, as they ought 
to be for a simple system with a known model. 

RESULTS AND DISCUSSION 

There are a number of papers concerning the 
problem of deciding whether a species is really 
present in solution or is only an artefact caused by 
excessive interpretation of the titration data. Kayali 
and Berthon’ summarize seven investigations on the 
copper(IIkhistidine system. There is consensus 
agreement on the major species predicted, but for 
minor species there is little agreement. The selection 
of species and the calculation of stability constants 
are the subject of a paper by Vacca et al.” Their R,,, 
factor has the same significance as our variance. 
More recently Avdeef’ has discussed the proper 
weighting of potentiometric data with the purpose 
(amongst others) of obtaining relevant values of the 
goodness-of-fit for comparison of models. In his 
experience refinements of pK-values converge at 
goodness-of-fit values in the range 0.5-1.2. 

Our results for the molybdate(VI)-oxalate system 
are presented in Table 2. 

For the molybdate system the set of species pre- 
viously reported by us was used. The corresponding 
stability constants are slightly changed because of the 
new calibration procedure. The variance for this 
system is a little high compared to that for the simpler 
oxalate system. It is possible to get a lower variance 
(1.49) by replacing the H,Mo,O;c species 
(p, q, r = 7,0, 10) with the HrMoO, species (1, 0,2), 
but that model does not work well in connection with 
oxalate, and furthermore neither species is of much 
concern in mixtures with oxalate. 

As is clearly demonstrated by the data in Table 2, 
just one complex species (p, q, r = 1, 1,2) will fit the 

titrations in a very satisfactory way. 

MOO:- + oxa12- + 2H+ e 

Mo0,0xa12- + H,O (7) 

We found no other single species with the same 
property. The fit is so close that inclusion of more 
species is not warranted, and testing of the species 
claimed by Beltran et al.’ did not lower the variance, 
the new species simply being rejected by the least- 
squares program. 

The concentration ranges used in this work proved 
to be amply wide to distinguish between ML and 
M,L, type complexes. The “best” M,L, complex 
tested gave a variance which exceeded that for the 
best ML complex by a factor of 50. 

Previously we tested a final model for internal 
consistency by letting the optimizing program adjust 
the values for both the ternary complex and the entire 
molybdate system. If only small changes in formation 
constants and variance resulted, the model was ac- 
cepted. As is seen from Table 2, the changes are 
comfortably small. The stability constant found (log 
/I,,2 = 13.816) is in agreement with the value 13.98 
found by MikeSova and BartuSek,3 using poten- 
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Fig. 3. Titration curves for mixtures of molybdate and 
oxalate in the ratio 2: 1 and 1: 2, respectively. 
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tiometric titrations in potassium nitrate medium, 
I = 0.22. 

When performing the test just mentioned it was 
necessary to include the titrations made on molyb- 
date only, because the molybdate-oxalate complex is 
so strong that most titrations on mixtures contained 
so little information on molybdate alone, that the 
“global” fitting was somewhat uncertain. 

An alternative method for confirming the existence 
of only one molybdate-oxalate complex is to com- 
pare titration curves of mixtures of molybdate and 
oxalate in exactly the ratios 2: 1 and 1: 2, respectively. 

The two curves in Fig. 3 are identical in the first 
part of the titrations until two equivalents of H+ have 
been added. This confirms the equilibrium (7). In the 
more acidic regions of the titration curves, the excess ] 
of molybdate and oxalate, respectively, is titrated. 

2. 

3. 

4. 
5. 

6. 

8. 
9. 
IO. 
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Recently, a new method has been proposed, 
1 
for the spectrophotometric determination of 

lithium in the concentration range 25-250 ng/ml with a "crowned" dinitrophenylazophenol 

CDPA, I). It was the first example of the determination of lithium with a crown ether. 

The incorporation of a fluorescent moiety in the place of the dinitroazo group of CDPA should 

much improve the sensitivity in the determination of lithium. 
2 

A new fluorescent "crowned" benzothiazolylphenol (CBTP, II, pale yellow crystals, m.p. 

155-156") has now been synthesized and shows characteristic fluorescence with the alkali 

and alkaline-earth metal ions. 
3 

6” 02 
-NO, 

2 

This communication reports a highly sensitive fluorometric determination of lithium 

based on complex formation with CBTP, followed by the measurement of the fluorescence of the 

phenolate of the complex, obtained by treatment with triethylamine (TEA): 

The procedure is as follows. To a 50-ul portion of LiCl solution in methanol 

7.8 ug/ml) in a IO-ml standard flask, 5.0 ml of 10m4g CBTP in benzene are added and 

(Li 

mixed in. 

* To whom requests for reprints should be addressed. 
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After addition of 50 ~1 of TEA the mixture is diluted to the mark with benzene and mixed 

well, then the relative fluorescence intensity (RFI) is measured at 410 nm, with excitation 

at 375 nm. 

Figure 1 shows the excitation spectra for the complex (a) and a reagent blank (c) and 

the emission spectra of the complex (b) and the reagent blank (d) excited at 375 nm. The 

excitation maximum for the reagent blank is at 330 nm, and the emission intensity of the 

reagent blank is negligible compared with that of the complex when an excitation wavelength 

of 375 nm is used. The emission maximum of the blank is at 382 nm if A,, is 330 run. 

Before establishment of this procedure the effects of the CBTP, TEA and MeOH concentra- 

tions were examined. Figure 2 shows that at least a IO-fold molar excess of reagent is 

necessary in the final concentration. Maximal RF1 of the complex was obtained with final 

concentrations of 0.5-1.1% v/v TEA and 0.3-0.5% v/v MeOH. 

immediately and its RF1 was constant during 120 min or more 

the dark, but decreased by about 84% within 120 min if kept 

of this quenching is not known, but is being investigated. 

The fluorescence developed 

when the solution was kept in 

in room lighting. 
5 

The cause 

Wavelength Inm 

Fig. 2. Effect of CBTP concentration 

Fig. 1. Fluorescence spectra 

The calibration graph obtained by the standard method passed through the origin and was 

linear from 0.39 to 39 ng/ml. The coefficient of variation for five replicates at the 

24-ng/ml level was 2.2%. 

The principal advantages of the method are that it is simple, rapid, and sensitive. 

The sensitivity is superior to that of the CDPA method1 and of the method based on the 

1,8_dihydroxyanthraquinone complex (50-450 ng/ml).4 

The RF1 of each of the CBTP-*+ complexes (@+ = alkali or alkaline-earth metal ion) 

obtained by the procedure was measured. The order of decreasing RF1 is 

Li > Ba > (Na, Sr) >> (K, Rb, Cs, Be, Mg, Ca) 

In this series the intensity ratios of the Li to Ba, Na, and K complexes were about 2, 4 and 

10 respectively. It is interesting to note that the RF1 of the Na, Be, Ba, and Sr complexes, 
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which would interfere in the determination of Li(I), decrease remarkably within 30 min, even 

in the dark. This behaviour (also not yet explained but under investigation) should be 

useful for improving the selectivity, and work along this line is in progress. 

The authors wish to express their gratitude to the Japan Ministry of Education, Science, 

and Culture for a Grant-in-Aid for Scientific Research. 
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LETTER TO THE EDITOR 

Comment on "LASER-EXCITED FLUORESCENCE LINE-NARROWING: AN ANALYTICAL STUDY" 

Sir, 

The paper by Bolton and Winefordner (Talanta, 1983, 30, 9) has been commented upon by 

Hayes and Small (HS).* We agree that J.C. Brown, M.C. Edelson, and G.J. Small (Anal. Chem., 

1978, 50, 1394) were among the first to explore the analytical use of fluorescence line 

narrowing spectroscopy (FLNS), and in fact our study resulted because of that paper. We 

did not intend to imply that our study was the first analytical one. We wish, however, to 

respond to the first three points of the HS comment. 

1. As far as the poor limits of detection (LODs) are concerned, these are the values 

we obtained for the experimental conditions listed. We realize the LODs are considerably 

poorer than the ones obtained by Smallet. (references 3 and 5 in HS's comment). 

2. We made numerous attempts over a period of more than a year to improve our 

detection power but no matter what excitation/emission wavelengths and boxcar detector 

conditions were used. the LODs remained in the concentration range of approximately 

l-1000 ng/ml, It is possible that our high LODs are correlated to an abnormally high back- 

ground, but this is difficult to rationalize since our studies were done over a long period 

of time, with several batches of reagents and a variety of experimental arrangements and 

conditions. 

3. The hypothesis of rapid local site-melting causing a loss of FLNS behaviour when 

x ex pumps vibronic levels of the fluorescent state possessing 21500 cm-' excess vibrational 

energy was not ours but rather that of the authors of the two papers cited in our manuscript 

Despite our analytically limited results for FLNS, we still feel the method has 

considerable analytical use, primarily because of the fine work by Small, Hayes, and their 

colleagues at Iowa State University. 

Department of Chemistry, 

University of Florida, 

Gainesville, Florida 32611, U.S.A. 

2 March 1984 

J.D. WINEFORDNER 

*Talanta, 1984. 21, 741. 
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SOLVENT EXTRACTION OF NOBLE METALS 
BY FORMAZANS-I 

COMPARATIVE STUDY ON THE EXTRACTABILITY OF Pt(IV), 
Pd(I1) AND Ag(1) BY FORMAZANS COMBINED WITH A 

LIQUID ANION-EXCHANGER 

M. GROTE, U. H~~PPE and A. KETTRUP* 
Fachbereich Chemie und Chemietechnik, “Angewandte Chemie”, Universitlt-GH Paderbom, Warburger 

StraBe 100, D-4790 Paderborn, Bundesrepublik Deutschland 
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Summary-The extraction properties of ion-pairs composed of quaternary ammonium cations and a 
sulphonated formazan were compared with those of an unsulphonated formazan, for various solvent 
media. In dichloromethane the combined system behaves as a “coloured anion-exchanger”, with 
displacement of the sulphonated formazan, whereas in toluene Pd(II) and Ag(I) are extracted as the metal 
formazan chelates from aqueous medium. The rates of extraction are remarkably higher than with the 
simple extractants. Because of the higher stability only the simple chelating extraction systems afford 
satisfactory separation of W(H) from excess of Pt(IV) and of Ag(1) from Cu(I1). The extracted metals 
can be stripped and the extractant regenerated. 

The removal and recovery of valuable metals from 
aqueous solutions by use of ion-exchangers and 
liquid extracts is a growing need in, for example, the 
electroplating industry and hydrometallurgy.‘” The 
extractants used should be highly selective and easy 
to regenerate. Liquid-liquid extraction systems usu- 
ally offer a wider range of stripping methods and 
better preconcentration factors than solid ion- 
exchangers do. Anionic complexes of the noble met- 
als have been extracted with solid’-“’ as well as 
“liquid” ion-exchangers.6,“-‘7 The behaviour of anal- 
ogous functional groups in the two systems is similar, 
but the liquid-liquid extraction behaviour can differ 
markedly from the sorption behaviour. Our in- 
vestigations on chelating ion-exchangers with high 
affinity for noble metals have resulted in use of 
formazan-modified strongly basic polystyrene and 
silica gel. 18,‘9 These sorbents separate silver(I) from an 
excess of Cu(II) and allow complete removal of the 
noble metals. This work has now been extended by 
use of solvent extraction with mixtures of liquid 
anion-exchangers and sulphonated formazans. 

The ion-pairs formed by quaternary ammonium 
salts with anionic chelate complexes have been exten- 
sively used in extraction-spectrophotometric deter- 
minations and offer advantages in selectivity and 
sensitivity over conventional spectrophotometric 
methods based on metal complexes in aqueous solu- 
tions.2”2S The chelates can be formed in the aqueous 
phase and extracted with an organic solution of the 
ammonium salt, or the metal can be extracted with an 
organic solution of both the chelating agent and the 
ammonium salt. 

*Author for correspondence. 

Thus Przeszlakowski and Habrat2’ efficiently ex- 
tracted Fe(M) by means of the ion-association com- 
pound formed by its ferron complex and Aliquat 336 
in chloroform. This reaction is analogous to the one 
we have produced by use of the sulphonated for- 
mazan F32 (Fig. 1) and a quaternary ammonium salt 
in various solvents (Table 1). 

The properties of the Q,F32-T and Q,F32-D 
systems can be compared with those of the corre- 
sponding simple chelating extraction systems with the 
unsulphonated o-chloro-substituted ligand F43 (Fig. 
1, Table 1). 

EXPERIMENTAL 

Reagents 

The preparation of the formazans F32 and F43 has 
already been described. ‘s.% The solvents used were toluene 
(T) and dichloromethane (D) (the symbol T/D will be used 
to indicate that either solvent can be used but both are being 
investigated). A O.OlM Q,‘Cl- solution in T or D was 
prepared with methyltrioctylammonium chloride (Q;Cl-) 

NH 
R I R 

c=o 
I 

NCN-_C=N- 

Fig. 1. Structure of formazans used for liquid-liquid extrac- 
tion (R = H: F43; R = SO,H: F32). 
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Table 1. Composition of the extraction systems 

Symbol Solvent Chelating agent Liquid anion-exchanger 

Q,F32-T Toluene F32 main component: 
(sulphonated) (C,H,,),N+CH&~; (Q;Cl-) 

Q,F32-D Dichloromethane 

F43-T Toluene F43 
(unsulphonated) - 

F43-D Dichloromethane 

(Merck) and 500 ml of it were shaken with five successive 
lOO-ml portions of O.lM hydrochloric acid and then with 
five successive 500-ml portions of water. The tendency to 
form emulsions could be reduced by adding a small amount 
(0.2% V/V) of I-octanol. The same procedure was applied, 
with O.lM nitric acid, to obtain the nitrate form Q:NO, of 
the liquid anion-exchanger. 

Q,F32-T/D 

F32 was extracted by shaking 500 ml of QcCl--T/D with 
100 ml of 0.2% aqueous formazan solution for 2 min and 
rejecting the aqueous phase. The process was repeated about 
ten times with fresh formazan solution until the absorbance 
of the organic phase at 436 nm became constant. The 
organic phase was then washed several times with 500-ml 
portions of water to remove excess of F32, and stored in a 
brown glass bottle to prevent decomposition by light. The 
binary systems Q,F32-T/D in the nitrate form were anal- 
ogously prepared and were preferred for extraction of silver, 
to prevent interference by chloride. 

Determination of the concentration of F32 in Q,F32-T/D 

Irving’s method2’ was used. The stock solution of 
Q,F32-T/D was diluted lOO-fold with toluene or dichloro- 
methane, and 5 ml of the diluted solution were shaken for 
1 min with 5 ml of O.lM sodium perchlorate. The formazan 
stripped was determined photometrically by dilution of an 
aliquot of the centrifuged aqueous phase with water and 
measurement of its absorbance at 436 nm against water. The 
acid dissociation constants of the formazans were evaluated 
spectrophotometrically by the method of Pelizzetti.28 Solu- 
tions of F43 in dioxan and of F32 in water were diluted with 
aqueous buffer to give final solutions with concentrations in 
the range 0.41 x 10d4M. Isosbestic points were observed at 
470 nm (F43) and 505 nm (F32). 

Determination of distribution ratios 

All experiments were performed at ambient temperature 
(22 + 2“), by mechanically shaking 5 ml of O.OOlM aqueous 
solutions of the appropriate metal salt (Na,PtCl,, Na,PdCl,, 
AgNOJ containing dilute mineral acid (hydrochloric or 
nitric) or a buffer (IO-rM citric acid, lO-‘M sodium tetra- 
borate) with an equal volume of the extractant solution 
(-0.004M) in a 50-m] separatory funnel. For work with 
silver the funnels were covered with aluminium foil, to 
prevent photodecomposition. After phase separation the 
aqueous solution was centrifuged and analysed by d.c. 
plasma atomic-emission spectrometry (see below). The dis- 
tribution ratio D was calculated in the usual way. 

A Beckman Spectraspan III d.c. argon-plasma emission 
spectrometer with a three-electrode plasma jet was used, as 
described elsewhere.29~30 The wavelengths used were based 
on the manufacturer’s recommendations: Pt 265.945 nm 
(85th order); Pd 340.458 nm (66th order); Ag 338.289 nm 
(66th order); Cu 324.754 (69th order). The spectral back- 
ground was compensated for by matrix-matching of samples 
and standards. 

The standard solutions were prepared from commercially 
available stock solutions (1000 and 500 mg/l., SPEX Indus- 
tries Inc.). Noble metal salts were donated by Degussa, 
Hanau. A Perkin-Elmer 554 spectrophotometer and a Bru- 
ker WP 250 Fourier-transform spectrometer were used. 

Separation of Pd(lI) from Pt(IV) 

Stock solutions (lo-*M) of Pd(I1) and Pt(IV) were pre- 
pared by dissolving Na*PdCl, or Na2PtCl, in lO-‘M hydro- 
chloric acid. The metal content of each solution was deter- 
mined by d.c. plasma emission spectrometry before use. 
Solutions containing various amounts of Pd and Pt were 
obtained by mixing appropriate aliquots of the stock solu- 
tions and diluting with IO-*M hydrochloric acid. 

Extraction. Twenty ml of a mixture containing y 10 mg/l. 
Pd and between 10 and 2000 mg/l. Pt were placed in a 
lOO-ml separatory funnel and 20 ml of 4 x lo-‘M extractant 
were added. The mixture was shaken for 24 hr, then the 
phases were separated. The palladium concentration in the 
aqueous phase was then determined. 

Stripping. Ten ml of the organic layer from the extraction 
system were transferred to a 50-ml separatory funnel and 
shaken with 10 ml of 5% thiourea solution in O.lM hydro- 
chloric acid for 48 hr. The amounts of Pd and Pt stripped 
were measured simultaneously in the separated aqueous 
phase. 

A 5-ml aliquot of the organic phase regenerated by 
stripping was transferred to a glass beaker and the solvent 
was carefully evaporated. Then 5 ml of concentrated nitric 
acid were added and boiled down to 2 ml, then 0.5 ml of 
70% perchloric acid was added and the solution evaporated 
to dryness. The residue was dissolved with 3 ml of aqua regia 
and the solution evaporated to dryness. The residue was 
taken up in 5 ml of 6M hydrochloric acid and the solution 
diluted to 10 ml with water, before measurement by emis- 
sion spectrometry. 

Separation of Ag(I) from Cu(Il) 

Appropriate aliquots of standard O.OlM silver nitrate and 
standardized O.lM copper nitrate were mixed in a lOO-ml 
glass beaker. After dilution of 5 ml of 1M sodium citrate 
and 5 ml of 0.1 M sodium tetraborate the mixture was 

Table 2. Dissociation constants and spectrophotometric data of formazans 

PH 1 pH 13 

a,?,i, E maXI 
Formazan pK, I,,, nm lo4 I.mole-‘.cm-’ imax,nm 1041.mole~‘.cm~’ Solvent 

F43 12.19 435 2.64 521 2.41 

F32 11.48 441 1.40 513 1.87 

water/dioxan 
(6:4 v/v) 

water 
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diluted with water to -40 ml and the pH adjusted to 9.4 
by dropwise addition of 1M sodium hydroxide or nitric 
acid. The solution was diluted to volume in a SO-ml standard 
flask with water, giving a final concentration of O.lM citrate 
and O.OlM borate. The final concentration of Ag(I) was 
_ 10 mg/l., and that of Cu(I1) varied from 62 to 6240 mg/l. 

The separation procedures and analytical measurements 
were similar to those described above. A shaking time of 15 
min was sufficient for the extraction of silver with F43-D, 
and it was stripped by 10 ml of O.OlM nitric acid within 2 
min. 

Some dichloromethane was present in the nitric acid after 
the stripping and interfered in the simultaneous deter- 
mination of Ag and Cu by atomic-emission spectroscopy. It 
was therefore necessary to evaporate the solution to dryness 
(on a steam-bath); to prevent losses of silver; 5 ml of 
concentrated nitric acid were added before the evaporation. 
The residue was taken up in 5 ml of concentrated nitric acid, 
5 ml of water were added, and the final solution was 
analysed. 

The extractant remaining from the stripping was analysed 
for copper and silver as already described, the final residue 
being taken up in 2 ml of concentrated nitric acid and 2 ml 
of water. 

RESULTS AND DISCUSSION 

F32 may be extracted by quaternary ammonium 
cations (QL+) in accordance with the equilibrium: 

XQ:Cl-10 + [FIWX), 

= {(Q:MFlW;M, + XI- (1) 

where [F] represents formazan, and subscript o the 
organic phase. Determination of F32 in the binary 
system QLF32-T showed that in toluene medium the 
molar ratio of Ql to F32 is reproducibly about 2: 1 
as predicted by equation (l), but in dichloromethane, 
a solvent of higher polarity, excess of F32 is extracted 
and the ratio varies from 2: 1 to nearly 1: 1. Q,F32-T 
and Q,F32-D solutions are fairly stable for a period 
of weeks in the dark and in daylight (Table 3), 
whereas aqueous solutions of F32 decompose more 
rapidly after storage for 100 days in the dark. Some 
anions (A-) may interfere in the extraction by dis- 
placement of the chelating anion: 

{(QL+MFlWX)2)o + 24 

= XQL+A-I, + FIWX), (2) 

To study this displacement (Table 4), equal volumes 
of Q,F32-T or Q,F32-D and aqueous phases con- 

Table 3. Stability of the Q,F32-T extraction system 

Decomposition, % 

Time elapsed, 
days 

4 
30 

100 

Q,F32-T 
light dark 

9 3 
18 14 
20 20 

Aqueous solution 
of F32 (O.OlM) 

dark 

4.5 
16 
32 

Table 4. Displacement of F32 (%) by various anions from 
binary extraction systems (shaking time 1 min) 

Aqueous solution Q,F32-T Q,F32-D 

HCI, 7M 3.69 precipitation 
3M 0.38 precipitation 
1M 0 0.77 

O.lM 0 0 
HNO,, lM 4.92 10.3 

O.lM 0.71 9.23 
O.OlM 0 1.38 

NaClO, 0.1 M 10.31 9.85 
NaOH, 1M 4.30 6.46 

O.lM 3.92 3.77 
O.OlM 1.92 0.31 

citric acid buffer, pH 7-9 0 0 
borate buffer, pH S-10 0 0 

taining various acids or salts were shaken for 1 min. 
The dichloromethane system (Q,F32-D) was very 
unstable in contact with mineral acids and alkalis. 
Thus the Q,_F32-D system has the typical properties 
of the “coloured liquid anion-exchangers” utilized by 
Itoh et al.” and Irving and co-workers27~32 for the’ 
spectrophotometric determination of per-chlorate. In 
the toluene system displacement of the chelating 
agent is more difficult, so the reagent is fairly stable 
in the presence of dilute hydrochloric acid and alka- 
line buffers. 

Extractability of Pd(ZZ) and Pt(ZV) 

Palladium and platinum form similar chloro- 
complexes, which are difficult to separate by normal 
anion-exchange. Their distribution in the presence of 
formazans was investigated by shaking together 
equal volumes of the aqueous metal salt solution and 
the extractant for at least 1 min. The properties of the 
Q,F32-D system differ considerably from those of the 
Q,F32-T system. 
Q,F32-D system. This is characterized by displace- 

ment reactions, and a shaking time of 1 min is 
sufficient to replace some of the F32 by PtCli-. This 
exchange reaction is rather inhibited in the presence 
of citric acid. Analysis showed that F32 and platinum 
are exchanged in about 1: 1 ratio, in accordance with 
the reaction: 

{(QXFIWXM. + PtC% 

= i(Q:)2 (PtCI;-)I. + [F](W), (3) 

in contrast, PdCl:- is virtually unable to displace the 
formazan in this period of shaking (Table 5). This 
difference in extractability conforms with the hypoth- 
esis that the extraction of anions is favoured by 
increase in size (the “hole theory”).” In principle, 
separation of Pt(IV) from Pd(I1) by anion-exchange 
extraction seems to be possible with the Q,F32-D 
system, but the distribution ratios for Pt(IV) are too 
low for the system to find practical application. 
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Table 5. Displacement of F32 by Pt(IV) and Pd(I1) com- 
plexes from the binary system Q,F32-D (shaking time 

1 min) 

[F32] in the aqueous phase, mM 

Aqueous phase Pt(IV) Pd(I1) 

HCI, O.OlM 
O.lM 
l.OM 

citric acid buffer 
PH 2 
PH 4 

0.207 0.016 
0.463 0.033 
0.728 0.022 

0.009 0.016 
0.020 0.006 

Q,F32-T system. There was much less exchange 
between this system and platinum and palladium, 
even after shaking time of 24 hr, than between these 
metals and Q$Zl in toluene. This behaviour (Fig. 2) 
is analogous to that of solid anion-exchange resins 
with and without formazan-loading.‘8 

Sorption of Pd(II) by the F3Zloaded solid resin is 
fast, and complete up to a metal: ligand ratio of 1: 1, 
but solvent extraction of Pd(I1) with the Q,F32 
system proceeds very slowly, a reaction time of 24 hr 
not being sufficient for equilibrium at pH 2 to be 
reached (Fig. 3), though 96% of the noble metal is 
extracted. 

2 

: 

._./‘\. 
, . . 

qcl- -T 

Fig. 2. Extractability of Pt(IV) by the liquid anion- 
exchanger QzCl- in comparison with the combined system 

Q,F32 in toluene (shaking time 1 min). 

-2 

t 

Fig. 3. Extraction of Pd(I1) by Q,F32-T, as a function of 
time. 

In this process the colour of the organic phase 
changes from red to green, indicating the formation 
of a formazan-Pd(II) chelate. Stripping of this 
chelate by means of perchlorate enables it to be 
isolated and characterized. Thin-layer chro- 
matography and infrared and ultraviolet spec- 
troscopy show it to be the 1: 2 metal chelate described 
earlier, called “Pd-F32”.‘4 

The low rate of complexation of palladium in 
solvent extraction with formazans was also observed 
by Panzel. 35 In general a low rate of complex for- 
mation by platinum metals affects their solvent be- 
haviour.24 In view of the difference in the distribution 
ratios, separation of platinum and palladium by 
means of the Q,F32-T system seems possible, the 
separation factor being - 50 for a shaking time of 24 
hr and O.OlM hydrochloric acid medium, but the 
extraction of Pd is incomplete (96%, see above). In 
citric acid medium buffered at pH 3 the extractability 
of Pd is reduced by its complexation side-reaction 
with citric acid. To test this separation, three syn- 
thetic solutions, containing 105 pg of Pd and various 

amounts of Pt, were treated individually with the 
extractant Q,F32-T. The results, shown in Table 6, 
reveal that platinum inhibits the complete extraction 
of palladium. With higher concentrations of Pt 
(5 x 10e3M) some of the green formazan-Pd(II) 
chelate was stripped by PtCli-. Thus the application 
of the combined system is impossible for the quan- 
titative separation of Pd from Pt. 

Comparison with the simple F43 chelate extraction 

sys tern 

The extraction behaviour of the hydrophobic o- 
chloroformazan F43, dissolved in toluene (F433T), 
differs markedly from that of the mixture of liquid 
anion-exchanger and water-soluble F32 (Q,F32-T). 
As expected, the distribution ratios of Pt(IV) between 
F43-T and hydrochloric acid (0.01-l M) or citric acid 
buffer are very low (D - 0.07). The extraction of 
Pd(I1) with the simple extractant at room tem- 
perature is also less effective (D = 0.64, shaking time 
24 hr) than that with the combined system (Fig. 4) 
and is also very slow. 

A higher distribution ratio (D - 170) was found 
for Pd when the dichloromethane system (F43-D) 

was used. 

Table 6. The effect of varying amounts of 
Pt(IV) on the extraction of Pd(II) with 
Q,F32-T (shaking time 24 hr; [HCl] O.OlM; 
[F32] = 4 x lo-)M, IO ml of extractant; phase 

volume ratio 1: 1) 

Pt present, Pd added, Pd extracted, 

ng L% “/, 

104 105 96.3 
202 91.8 

1050 63.6* 

*The formazan-Pd(I1) chelate is partly 
stripped. 
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Tim (hr) 

Fig. 4. Extraction of Pd(I1) by F43-T, as a function of time. 

Table 8. The effect of the concen- 
tration of tetraborate on the extraction 
of Ag(I) with F43-D (shaking time 
30 min; [Ag(I)] 1 x 10m3M, [F43] 

4 x IO-3M) 

[B,O:-1, mM ’ Ag extracted, % 

0.1 21.3 
0.5 71.2 
1.0 91.1 

10.0 97.8 

Table 9. Effect of pH on the 
extraction of Ag(I) from tet- 
raborate solution with F43-D 
(shaking time 30 min; 

[Ag(I)] = [B,O;-] = 1 .OmM) 

PH Ag extracted, % 

Separation of Pd(II) from Pt(ZV) 

In contrast to the Q,F32-T system, F43-D will 
give complete separation of small amounts of Pd 
from excess of Pt provided the w/w ratio of Pt to Pd 
is not much more than about 20 (see Table 7) but up 
to almost 200-fold ratio can be tolerated if citric acid 
is added to give a final concentration of O.OlM (pH 
2) in the aqueous phase. 

The palladium extracted can be stripped and the 
extractant regenerated with an acidified solution of 
thiourea, but the rate of ligand substitution in the 
stripping step is slower than the rate of extraction. 
Small amounts of Pt are co-extracted and are also 
stripped from the organic phase. To investigate the 
efficiency of the stripping procedure, the regenerated 
extractants were first evaporated to dryness. The 
residues were then mineralized with nitric and 
perchloric acids, taken up in hydrochloric acid solu- 
tions and analysed. Not even traces of Pt could be 
detected and only small amounts of Pd (0.2-0.4 pg 
per 10 ml of extractant). 

Extractability of Ag(Z) 

We have already reported that spectroscopic data 
indicate that the model compound Ag-F43 is an 
N,O-co-ordinated complex. Silver is sorbed from 
slight alkaline sodium acetate or citrate buffers onto 
solid supports modified with the chelating formazan, 

8.0 49.4 
8.5 88.3 
9.0 * 100 
9.5 _ 100 

but its liquid-liquid extraction from the same media 
with the combined (Q,F32-T/D) and simple 
(F43-T/D) systems is poor (D = 0.4). However, the 
extraction is much more effective from sodium 
tetraborate medium. 

F43-T/D. The effect of tetraborate concentration 
on the distribution ratio of silver between the aque- 
ous phase and the extractant F43-D at a fixed 
concentration of F43 is summarized in Table 8. 

The enhanced extraction with increase in tetra- 
borate concentration may be due to the increasing 
alkalinity of the aqueous phase, and this is confirmed 
by the data in Table 9 for the effect of pH at a fixed 
concentration of silver and tetraborate. 

Depending on the concentration, pH and tem- 
perature, various complexes may be formed in the 
system Ag,0-B,03-H,0.36 However, a plot of log D 
us. log [F43] has a slope of unity, indicating a 1: 1 
metal-F43 chelate is extracted. This result agrees with 
the structure assumed for the Ag-F43 compound, 
prepared by liquid-liquid extraction under similar 
conditions.34 No evidence was found for additional 
co-ordination of an inorganic ligand. The extraction 

Table 7. Results of separation of Pd(I1) from Pt(IV) with F43-D (extraction 
conditions: [HCI] O.OlM, [F43] 4 x IO-‘M; 24 hr shaking time; stripping with 5% 
thiourea in O.lM HCl, 48 hr shaking time; phase volume ratio I: 1; amounts of 

each metal are calculated for a total nhase-volume of IO ml) 

Pd added, Pt present, 

fig mg 

99.7 0.099 
0.196 
0.992 
1.95 
9.97 

19.48 

Pd extracted, 

Nr 

99.5 
99.1 
99.4 
99.3 
93.5 

79.8 (98.1)* 

Amount of metal stripped, pg 

Pd Pt 

99.8 25.7 
99.7 22.0 
98.4 25.0 

106 32.4 
91.8 36.6 
73.1 27.8 

*O.OlM citric acid medium. 
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Fig. 5. Extraction of Ag(I) with various extractants, as a function of time. 

of silver is much faster than that of palladium, 
distribution equilibrium with F43-D being estab- 
lished within 30 min (Fig. 5). In toluene medium the 
rate of co-ordination is slower and the extraction 
yield lower (Fig. 5). 

Q,F32-T/D. Vigorous shaking of either of these 
systems with an aqueous solution of silver and so- 
dium tetraborate (each 10m3M) immediately pro- 
duces a deep violet colour in the organic phase, 
indicating very rapid extraction. The distribution is 
much faster than with the simple extractants (Fig. 5), 
equilibrium being established within 1 min. 

The extractant Q,F32-D, which is subject to dis- 
placement reactions in contact with Pt and Pd solu- 
tions, is as stable as Q,F32-T in the presence of 
aqueous mixtures of tetraborate and silver. Though 
the rates of extraction with the two combined systems 
are the same, the degree of extraction is lower with 
Q,F32-D (69%) than with Q,F32-T (90%) under 
identical conditions. 

Stripping of silver. Except for the Q,F32-D system, 
stripping is nearly complete with O.OlM nitric acid in 
a single extraction in 1 min shaking time (Table 10). 
Stripping with 10M3M nitric acid is less effective. 

Separation of Ag(Z) from Cu(ZZ) 

Silver was extracted from mixtures of silver and 
copper under conditions similar to those for silver 
alone. The alkaline aqueous solutions (pH 9.4) con- 
tained sodium tetraborate, and sodium citrate to 
prevent precipitation of copper salts. When the 
Q,F32-T system is used, higher concentrations of 
Cu( 2 lo-*M) displace the Ag-F32 chelate, and the 
extraction yields of Ag are lower than 96%. However, 
about 100 pg of silver can be successfully separated 
(99.7%) from large amounts of copper by extraction 
with F43-D (see Table 11). A shaking time of 15 min 
is sufficient for quantitative extraction. Silver and 
traces of co-extracted copper are easily stripped with 

O.OlM nitric acid (2 min shaking time). Mineral- 
ization of the stripped extractants and analysis of the 
residue for metals show that only 0.1-0.25 pg of Ag 
and -0-0.6 pg of Cu remain in 10 ml of the organic 
phase after the single stripping. The regenerated 
F43-D system may be used again for extraction, 
which is promising for the development of cyclic 

separation processes. 

Conclusion 

The rate of extraction of Pd(I1) and Ag(1) is much 
higher with the combined extractants (Q,F32-T/D) 
than with the simple chelating systems (F43-T/D) but 
combination of the lipophilic ligand F43 with the 

Table 10. Back-extraction of silver with nitric acid (5 ml of 
Ag-loaded extractant, 5 ml of HNO,, shaking time 1 min) 

Ag back-extracted, “/,* 
Ag extracted, 

Extractant Pg IO-‘M HNO, IO-‘M HNO, 

Q,F32-T 405 88.7 100.1 
Q,F32-D 312 76.1 19.9 

F43-T 437 77.0 99.7 
F43-D 432 95.9 96.5 

*Mean of three single strippings. 

Table 11. Results of separation of Ag(1) from Cu(I1) with 
F43-D (extraction conditions: [F43] = 4 x 10e3M; O.lM 
citrate; O.OlM borate; pH 9.4; 15 min shaking time; strip- 
ping conditions: O.OlM HNO,; 2 mm shaking time; amounts 
of each metal are calculated for a total phase-volume of 10 

ml; phase volume ratio 1: 1) 

Metal stripped, pg 
Ag added, Cu present, Ag extracted, 

Pg mg 1”g 

103 0.624 103 
106 6.24 106 
106 62.4 106 

Ag cu 

98 0.6 
101 3.3 
109 2.3 
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Fig. 6. Structure of isomers of fonnazans. 

quaternary ammonium compound gives no im- 
provement of the extractant rates. The differences 
found in the extraction behaviour are not yet fully 
understood. The cationic surfactant makes the ex- 
traction mechanism more complicated, and the 
influence of micelles should be taken into consid- 
eration.23 However, the higher N-H acidity and 
hydrophilicity of F32 [PK, (F32) = 11.4; pK, 
(F43) = 12.21 may increase the rate of extraction. 
Furthermore, there may be activation of the sul- 
phonated agent by the surfactant. Similar activating 
effects are reported in the literature on the formation 
of mixed-ligand complexes. Savvin et 01.~’ interpreted 
the enhanced reactivity of triphenylmethane reagents 
with metal ions and N-cetylpyridinium chloride in 
aqueous solution as a deprotonation process. Im- 
proved extractability of lanthanides by use of ion- 
association complex formation in conjunction with 
chelation by %hydroxyquinoline derivatives was ob- 
served by Tochiyama and Freiser.38 It must also be 
taken into account that in the presence of surfactants 
and sulphonated chelating agents metal ions could be 
favourably co-ordinated at the interface of the two 
phases and not in the aqueous phase.25 

The rate of extraction in metal chelate extraction 
systems can be limited by the rate of reaction between 
the metal ion and the ligand, as well as by diffusion 
and transport factors. In the case of the 
3-phenylcarbamoylformazans, Pd(I1) and Ag(I) are 
bound by different isomers (Fig. 6).34 Thus the co- 
ordination of the noble metal ions is accompanied by 
ligand conversion. An investigation of the Q,_F32 
ion-pair by proton n.m.r. spectroscopy (C,D, me- 
dium) gave evidence for only the N-H. .N and 
N-H. .O bichelated isomer D, which is favoured for 
the co-ordination of Ag(I). In contrast to the extrac- 
tant F43-T (10% of isomer A) and the solid poly- 
styrene loaded with QF32 (30% of A)34 no mono- 
chelated isomer A could be detected. 

We assume that the different isomer ratios affect 

the efficiency of the reaction of both the liquid 
extractants and solid sorbents with palladium and 
silver. The binary solvent-extraction system QLF32-T 

extracts silver faster and more completely than the 
similar formazan-modified polystyrene QF32 and 
silica gel Si-QF32, ‘*,i9 but is less effective for extrac- 

tion of W(H). 
Unfortunately, the extractant Q,F32-T is unstable 

in contact with metal salt solutions of higher concen- 
trations and will find no practical use in separation 
processes. Only application of the simple chelating 
system F43-D to synthetic mixtures of Pd/Pt and 
Ag/Cu gives acceptable results. 

Additional studies on the extractability of noble 
metals and base metals by other substituted for- 
mazans are in progress and will be applied to various 
samples containing noble metals. 
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Summary-An extensive critical review of the methods utilized to determine trace formaldehyde 
concentrations is presented. The methods are grouped under the physical techniques employed and are 
discussed with reference to interfering agents, sensitivity, reagent stability and analysis time. The 
applicability of the procedures is considered for routine monitoring of occupational and environmental 
exposure to gaseous formaldehyde. 

Formaldehyde has been identified as a combustion 
product from many sources, including automobile 
exhausts’ and cigarette smoke.2 It was estimated in a 
19724 survey in the United States that 1.6 million 
workers in some 40 industrial categories were ex- 
posed to formaldehyde.3 Formaldehyde is an odor- 
ous, lachrymatory and physiologically active com- 
pound. The present threshold limit value (TLV) is 3 
mg/m’ for a IO-min time-weighted average limit 
(which has now replaced the old “ceiling” limit) 
for occupational exposure.4 The health risks associ- 
ated with the compound are to be assessed by the 
Advisory Committee on Toxic Substances with a 
possible view to establishing a control limit. In the 
United States the ceiling limit for formaldehyde has 
been reduced to 1.2 mg/m3 and it has been designated 
as a suspected carcinogen, class A2.5 The toxicity of 
formaldehyde to man and animals has been the 
subject of a number of reviews,3,6s7 and studies are still 
in progress. It has been established as a primary 
irritant and as a mutagen. Animal studies indicate 
that it is carcinogenic but epidemiological data have 
not proved this connection in man. 

The proposed changes in exposure limits and the 
need for data for epidemiological studies have led to 
increased interest in determining exposure patterns. 
Workers in clinical laboratories, foundries and the 
building trade are particularly likely to be exposed, 
and the use of formaldehyde-based resins in foams 
and other insulating materials now means that a large 
proportion of the population may come into contact 
with the compound. 

Concern over environmental pollution from and 
occupational exposure to formaldehyde, has led to 
the need to develop methods for the determination of 
formaldehyde in air. Some of these techniques mea- 

*Author for correspondence. 
tin association with Dutom Meditech, Warwick Street, 

sure the concentration in air directly, but most re- 
quire the air to be sampled through an absorbing 
medium designed to trap formaldehyde selectively 
prior to analysis. The analytical method used often 
determines the method of sampling, which can be by 
solid sorbent, diffusion badge or liquefaction. A 
discussion of sampling strategies, including the 
efficiency of collection and the effects of humidity, 
temperature and interfering agents, could constitute 
a review in itself. As this review is devoted to the 
analytical techniques available for determination of 
formaldehyde only a summary of trapping methods 
is included here. 

Impingers have proved popular and a variety of 
solutions have been used. The most efficient absorb- 
ents are those which give a chemical reaction with 
formaldehyde. The chemistry of these reactions has 
been reported’ and a summary of the solutions and 
collection efficiencies is given in Table 1. Solid sor- 
bents have been used as sampling media,’ and some 
have been treated with chemicals to promote a chem- 
ical reaction. Chemical treatment, however, limits 
flow-rates and collection efficiency. A comparison has 
been made of a reaction in solution and on a solid 
support.” Some reagents and solid supports used are 
listed in Table 2. 

Units 

The diversity of units used in the literature results 
in unnecessary difficulties in comparison of analytical 
methods. The concentration units used throughout 
this review refer to the weight of formaldehyde per 
unit volume.” Of necessity, however, this has led to 
assumptions and approximations being made in con- 
verting from the units given in some of the original 
papers. For solvent systems the unit of volume is 
taken as 1 ml of solvent. For direct analysis of 
gaseous samples, the unit of volume quoted is taken 
as 1 m3 of air. Detection limits are quoted in terms of 
the weight of formaldehyde actually introduced into 
the instrument. 
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164 A. D. PICKARD and E. R. CLARK 

Table 1. Solutions used in impingers and their collection efficiencies for formaldehyde 
(one impinger) 

Solution Collection efficiency, % Reference 

Water 12 
5mM hydrochloric acid Is: 35 
5mM hydrochloric acid 85 41 
0.05% MBTH aqueous 84 28 
5% ammonium acetate 8&95 18 
7% ammonium acetate, with a 95-96 30 

saturated oxalyldihydrazine 
solution 

2,4-DNPH in 2M hydrochloric acid 8699 10 
1.6mM 2,4-DNPH in acetonitrile 97.5 66 

with a trace of perchloric acid 
1% sodium bisulphite 98 19 
0.1% chromotropic acid in* 100 17 

cont. sulphuric acid 

*See Ref. 19 regarding the importance of the order of reagent addition. 

Table 2. Solid sorbents and reagent coatings for collection of formaldehyde 

Reagent Solid support Reference Comments 

Alumina 9 Sampling period limited to 30 min due to instability of 
formaldehyde on the sorbent. Immediate desorption re- 
quired. Desorption efficiency 85%. 

- Molecular sieve 13X 48 Quantitative desorption. The sampling period is limited. 
79 Water vapour competes for adsorption sites. 

2-Benzylaminoethanol Chromosorb 102 56 Desorption efficiencies vary with batch. Sampling rates are 
restricted to 50 ml/min. 

2,4-DNPH Glass beads 10 The collection and desorption efficiencies vary widely and 
are poor under dry conditions. 

2,4-DNPH Amberlite XAD-2 67 Collection efficiency reported comparable to that of a 
bisulphite impinger 

Oxidizing agent Charcoal 68 Instability of the oxidized product on the charcoal has been 
69 shown. 

J-acid Silica Results obtained are comparable with collection by a bisul- 
phite impinger and analysis with chromotropic acid. 

TITRIMETRIC METHODS 

These methods are not specific. The methods using 
sodium sulphite, ammonium chloride, potassium cy- 
anide, and hydroxylamine hydrochloride are all de- 
pendent on the characteristic carbonyl-group reac- 
tions of aldehydes and ketones. Oxidation procedures 
based on alkaline hydrogen peroxide, and iodometric 
and mercurimetric methods, suffer interference from 
any other chemicals which can be oxidized under the 
test conditions. 

The procedures are well described’ but have the 
limited sensitivity associated with most titrimetric 

methods. Although largely superseded, the 
bisulphite-iodine procedure remains the recommen- 
ded National Institute for Occupational Safety and 
Health (NIOSH) procedure for evaluation of primary 
aqueous standards.” 

SPECTROPHOTOMETRIC METHODS 

A number of spectrophotometric methods have 
been developed for the determination of for- 
maldehyde, many of them by Sawicki et al. Pro- 
cedures involving spectrophotometric methods are 
summarized in Table 3. 

Xanthylium dyes 

In concentrated sulphuric acid, polynuclear xan- 
thylium dyes are formed with chromotropic acid 
(1 &dihydroxynaphthalene-3,6-disulphonic acid), J- 
acid (6-amino-1-naphthol-3-sulphonic acid) and 
phenyl J-acid (6-anilino-I-naphthol-3-sulphonic 
acid). The resulting chromogens are illustrated in 
Fig. 1. 

The chromotropic acid methodI has been used for 
the determination of formaldehyde in air,14,” and for 
environmentall and occupational” analyses. The use 
of concentrated sulphuric acid in the analysis is 
potentially hazardous, but it has the practical advan- 
tage that the heat of mixing with aqueous media 
facilitates the completion of colour formation. 

A recently recommended method in the U.K.‘* uses 
chromotropic acid but with 50% v/v sulphuric acid, 
thus reducing the potential hazard. We have noted, 
however, that the more dilute acid does not liberate 
formaldehyde quantitatively from the bisulphite com- 
plex. Aqueous ammonium acetate must be used as 
the collection medium, but this has a lower collection 
efficiency than sodium bisulphite solution. A large 
volume of the acid is required, which reduces the 
sensitivity of the method, and we have found the 
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heating step required to complete colour formation 
rather time-consuming. 

Although the older method has been widely used 
it has only recently been reported that the order of 
addition of reagents affects the extent of colour 
development.” If a composite chromotropic 
acid/sulphuric acid reagent is added to an aqueous 
sample the calibration graph is markedly non-linear. 
We therefore recommend that the chromotropic acid 
is added first, followed by sulphuric acid. 

Optimization of the chromotropic acid reaction2’ 
and the effect of interfering agents2’ have been in- 
vestigated in detail. Saturated aldehydes, ketones, 
ethanol and methanol do not interfere. Higher molec- 
ular weight alcohols, phenols, aromatic hydro- 
carbons and alkenes cause a negative error when 
present in excess. Of the unsaturated aldehydes, 
acrolein gives the greatest positive error, and oxides 
of nitrogen also interfere positively. We believe that 
the order of reagent addition affects the degree of 
interference. 

In concentrated sulphuric acid medium, J-acid 
forms a stable, triply-charged yellow cation with 
formaldehyde.22 The reagent may be used with aque- 
ous samples in an analogous way to chromotropic 
acid,23 with slightly improved sensitivity. For per- 
sonal sampling we prefer to use J-acid coated onto 
silica as a solid adsorbent for formaldehyde. For 
analysis, concentrated sulphuric acid is then added 
and the samples are left at room temperature. (We 
find that heating at this stage increases the colour 
intensity but not in relation to the formaldehyde 
concentration.) The absorbance is measured after 
filtering or centrifuging. This simplified collection 
and analytical procedure gives reproducible results 
comparable with those obtained by the chromotropic 
acid-impinger method. Dilution of the yellow sul- 
phuric acid solution with water leads to the formation 
of an unstable, singly-charged blue cation. If aqueous 
ammonium acetate solution is used as the diluent the 
stability is improved sufficiently to allow absorbance 
measurement,23 and acrolein does not interfere. 

In concentrated sulphuric acid a mixture of singly 
and triply-charged cations is formed with phenyl 
J-acid, which on dilution gives only the singly- 
charged species @,,, = 660 nm). The sensitivity is 2.5 

Reagent : chromotropic acid J-acid phenyl J-acid 
R=SO,H 

R’= OH 
R--NH; R=NHPh 

R’= Ii R’= H 

Fig. 1. Structures of the xanthylium dyes. 
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times that of the chromotropic acid method, but 
when the reagents are mixed and the colour devel- 
oped the temperature must be carefully controlled.23 

Formazan dyes 

Formazan dyes are formed by the reaction of 
formaldehyde with aromatic hydrazines and hy- 
drazones in the presence of an oxidizing agent. The 
reaction is not specific and is essentially an aldehyde 
group method. Reaction of aldehydes with phenyl- 
hydrazine in the presence of potassium hexa- 
cyanoferrate(II1) gives an unstable red dye24 and this 
reaction has been applied to the determination of 
formaldehyde in air.25 

2-Hydrazinobenzothiazole (HBT) has been shown 
to be a suitable reagent for formaldehyde.26 The 
reaction is thought to give a chromogen with the 
structure represented in Fig. 2. The procedure is more 
sensitive than the chromotropic acid method but the 
oxidation time is critical and the colour is stable for 
only 20min after the final dilution step. We have 
found this restrictive when several samples have to be 
analysed. 

3-Methyl-2-benzothiazole hydrazone hydro- 
chloride (MBTH) undergoes an analogous reaction in 
the presence of iron(II1) chloride-sulphamic acid 
mixture as oxidant. The resulting chromogen has two 
absorption maxima, and two procedures have been 
developed. One involves measurement at 670 nm 
where the molar absorptivity is high, but acetone 
must be added to overcome turbidity.27 The second 
method does not require acetone as there is no 
problem of turbidity, but measures the lower absorp- 
tion maximum at 627 nm.28 The reagent is one of the 
most sensitive spectrophotometric reagents available 
as a group reagent for aldehydes. It suffers inter- 
ferences from aromatic amines and imino hetero- 
cyclic compounds. In the presence of concentrated 
sulphuric acid the MBTH complex breaks down, and 
a technique has been proposed in which the MBTH 
and chromotropic acid methods are both applied to 
the same sample to determine total aldehydes and 
formaldehyde simultaneously.29 

Metal complexes 

The formation of a hydrazone is suggested as the 
first step in a procedure using oxalyldihydrazide.30 
The hydrazone then forms a blue complex with 
copper(I1) in aqueous solution, L,,, = 620 nm. The 
formaldehyde: oxalyldihydrazide: Cu(I1) reacting ra- 
tio is 2: 2: 1. The procedure is very simple but the pH 
must be carefully controlled, with ammonium acetate 
as buffer. Sulphur compounds, including hydrogen 

N 
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Fig. 2. Structure of the formazan dye formed with 
2-hydrazinobenzothiazole (A,,,,, = 582 nm). 

sulphide, carbon disulphide, and sulphur dioxide, 
interfere. Other aliphatic aldehydes react but the 
wavelength of maximum absorption differs from that 
for the formaldehyde product. 

A second spectrophotometric procedure involving 
formation of a metal complex is the reaction of 
formaldehyde with tryptophan in the presence of 
sulphuric acid and iron(III).” A violet chromogen, 
A,,, = 575 nm, is formed, which obeys Beer’s law up 
to 3 pg/ml. The technique is more applicable to 
biological assays than air samples, and methanol, 
acetaldehyde, amino-acids, sugars and related com- 
pounds do not interfere. Other metal ions, notably 
Fe2+, Ni2+ and Co’+, may replace Fe3+ in the 
reaction and other 3-substituted indoles also give a 
colour. The disadvantages are the use of concentrated 
sulphuric acid and the time-consuming incubation 
period (heating at 70” for 90min is optimal). 

Trimethine dye 

A trimethine dye is formed by 1-ethylquinaldinium 
iodide with formaldehyde on heating in basic solu- 
tion.32 The molar absorptivity at 608 nm is high, but 
the reproducibility is poor and other aliphatic al- 
dehydes interfere. 

Hantzsch reaction 

The Hantzsch reaction between acetylacetone, am- 
monia and formaldehyde to form 3,5-diacetyl-1,4- 
dihydrolutidine (A,,,,, = 412 nm) forms the basis of a 
spectrophotometric procedure.33 The procedure re- 
quires pH adjustment with ammonium acetate and 
gentle warming to complete the reaction. The reac- 
tion is selective for aldehydes and although not as 
sensitive as some others it is useful on account of the 
mild conditions employed. It may be used in the 
presence of trioxan and other compounds which 
degrade to formaldehyde under strongly acidic condi- 
tions. The sensitivity may be increased by measuring 
the fluorescence spectrum. 

SchifS’s reagent 

Finally, one of the earliest and most sensitive 
analytical reagents is the Schiff reagent. 
Modifications to this method have been published 
but the reaction employed is that of fuchsin or 
pararosaniline which, in the presence of sulphite and 
formaldehyde, yields a rose chromogen.34 It has been 
applied to the determination of formaldehyde in 
urban air.35 A modification of the reaction, involving 
scrubbing the air sample with sodium tetra- 
chloromercurate(I1) solution, has been established 
as a reference method for sulphur dioxide deter- 
mination.36 Simply varying the order of reagent addi- 
tion allows this method to be used to determine 
formaldehyde.37 A modification has eliminated the 
need for the toxic mercury complex3* and has been 
compared with the chromotropic acid method. De- 
spite these modifications the procedure is generally 
the most lengthy and complex of all those reviewed. 
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The final absorbance is dependent on temperature 
and pH3’ and the reagent has poor stability.@ The 
analogous reaction with p-aminoazober~zene~’ has 
higher sensitivity but gives high blank values. 

FLUORIMETRIC METHODS 

Some of the spectrophotometric reagents can also 
be used for fluorimetric determination of form- 
aldehyde. These methods are more difficult to use 
and tend to show poor reproducibility and 
fluorescence stability. They are, however, more sensi- 
tive and are summarized in Table 4. 

GAS CHROMOGRAPHY (CC) 

Direct methods 

No completely satisfactory GC method has been 
demonstrated, largely because most detectors, es- 
pecially the widely used flame ionization detector 
(FID), have a poor response to formaldehyde. 
Several procedures have been developed to overcome 
this difficulty. In general they are methods for al- 
dehydes, the individual components being separated 
on the column. For details of operational conditions 
the individual papers should be consulted but a 
summary is given in Table 5. A second difficulty is 
that formaldehyde is eluted from GC columns as a 
distorted peak, owing to interactions and poly- 
merization on the column. Nevertheless GC has been 
used for analysis for free formaldehyde, and for- 
maldehyde solutions,42 vapour,43@ pollution 
sources4-’ and ambient air4* have been analysed. 
Typically, porous polymers have been used as the 
stationary phase, with various detectors. 

When a thermal conductivity detector (TCD) is 
used, a detection limit of approximately 1 pg of 
formaldehyde in the volume injected can be ob- 
tained.42 Temperatures above 100” and glass columns 
are recommended to reduce the tailing of peaks. 
Porous polymer column packings have been found to 
give satisfactory performance lasting over a year43 
and with reproducible retention times.43,46 

It is well established that the FID is insensitive to 
formaldehyde, but one report” quotes a detection 
limit of 70 mg/m3 in air by use of the FID without 
prior concentration. However, the methods used for 

calibration and standard atmosphere generation were 
unreliable. 

To improve the sensitivity of detection a micro- 
reductor may be fitted between the column and the 
FID.&s4’ The formaldehyde is reduced to methane, to 
which the FID is more sensitive. The detection limit 
is then 5 mg/m’ of air, with approximately 3 ng 
injected into the chromatograph. Carbon dioxide, 
carbon monoxide and methanol are similarly re- 
duced, but since they are separated from for- 
maldehyde on the column the technique can be 
applied to exhaust gases.47 

Mass spectrometric analysis has been coupled with 
GC for determination of the components of ambient 
air, including formaldehyde.48 Measurement of the 
peak heights for m/z = 29 and 30 enabled for- 
maldehyde to be detected in nanogram quantities. 
The formaldehyde was first trapped on a solid ad- 
sorbent and then desorbed into the chromatograph, 
by which means a few pg/m3 could be detected. The 
technique is sensitive and selective but the equipment 
required militates against its widespread use. 

The problems with analysis of formaldehyde va- 
pour have led to most of the proposed GC methods 
being based on derivatives. Initial attack on the 
carbonyl group by a nucleophilic nitrogen centre 
leads to several possible derivatives. 

Nifrogen derivatives 

The 2,4_dinitrophenylhydrazine (2,4-DNPH) de- 
rivative has proved popular because of the selectivity 
of the reaction for carbonyl compounds and the 
efficiency of the reaction at room temperature. Early 
methods gave poor reproducibility, variable response 
factors and spurious peaks, but modifications have 
improved the method and made possible the deter- 
mination of aldehydes in exhaust fumes.” Sym- 
metrical carbonyl compounds give single peaks but 
other aldehydes form isomers which when eluted give 
rise to multiple peaks5 Use of an excess of 
2,4-DNPH and a packed column was reported to 
cause deterioration of the column and necessitate 
frequent recalibratiom4’ Nevertheless the method al- 
lowed detection down to the equivalent of 70 ng of 
formaldehyde injected, and good separation of the 
components from a combustion source. 

Table 4. Fluorimetric techniaues 

Reaeent 

Excitation 
wavelength, 

Reference nm 

J-acid 32 470 

Acetylacetone 80 
81 

Cyclohexane- 1,3-dione 82 

Dimedone 82 

410 

395 
460 
395 

Emission 
wavelength, Stability, 

nm min Comments 

522 120 The detection limit is 1 ng/ml but the re- 
producibility is poor and acrolein interferences 

510 90 The detection limit is 5 ng/ml; the excitation 
spectrum varies with concentration 

460 60 The reproducibility of both procedures is poor 
505 3 
460 30 The fluorescence spectra of the products are 

465 520 5 stable for a very limited period _ 
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The method has been modifiedSo to improve the 
sensitivity of the FID for the analysis of solutions 
containing 1.5 pg/ml of formaldehyde. The 
2,4-DNPH derivatives were extracted from aqueous 
solution into carbon disulphide, and this solution was 
then injected; this saves a great deal of time since no 
purifying and drying of the derivatives is required, 
and the extraction is satisfactory. The relative merits 
of the FID and the electron-capture detector (ECD) 
have been evaluated.” The ECD is very sensitive but 
has a limited response range (20-500 pg) whereas the 
FID is less sensitive but has a broad linear response 
range (lO-lo4 ng) to the 2,4-DNPH derivative. 

The use of capillary glass columns and temperature 
programming facilitates the separation of carbonyl 
compounds as their 2,4-DNPH derivatives.52,53 The 
procedure has been applied to food samples,5’ ex- 
haust gases53 and cigarette smoke.S3 We consider the 
collection procedure employed in the latter case” to 
be restrictive and the purification of derivatives need- 
lessly slow. Extraction from aqueous solution into 
carbon disulphide is generally adequate, in view of 
the resolving power of a capillary column. 

Pentafluorophenylhydrazine (PFPH) has been 
used as a reagent for preparing aldehyde derivatives 
for GC analysis, 54,55 but separation of the carbonyl 
derivatives on packed columns was incomplete. The 
use of a capillary column or temperature pro- 
gramming might overcome this. 

Oximes have been investigated as an alternative to 
the hydrazones. In particular, benzyloxyamine has 
been used to form the 0-benzyloximes of carbonyl 
compounds in cigarette smoke for subsequent GC 
analysis.2 Pairs of isomers are formed from an- 
symmetrical carbonyl compounds, leading to addi- 
tional peaks. Temperature programming on a capil- 
lary column was used to resolve these peaks, but the 
reproducibility was poor and the method is described 
as only semi-quantitative. 

The pentafluoro compound 0-(2,3,4,5,6_penta- 
fluorobenzyl)hydroxylamine has also been used 
and compared with the analogous hydrazine deriva- 
tive (PFPH),55 over which it was found to have some 
advantages, but the reagent has poor stability in 
aqueous solution and a long reaction time is required 
for some carbonyl compounds. 

Another proposed reagent containing a nucleo- 
philic nitrogen centre is 2-benzylaminoethanol: with 
formaldehyde this forms 3-benzyloxazolidine, which 
is detectable by the FID. The reaction is fast enough 
for the reagent to have been proposed as a trapping 
agent on a solid sorbent,56 but the desorption is 
time-consuming and difficult. The reaction is again 
not specific for formaldehyde, and although the 
higher aldehydes do not isomerize, the separation of 
the derivatives of carbonyl compounds is incomplete 
on packed columns. Analysis by split and splitless 
injections of solutions of the derivative into a 
temperature-programmed capillary column gives a 
linear and reproducible response over the range 
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6.6565 pg of formaldehyde. This is a very limited 
range, especially in view of the need to vary the 
injection technique, and the detection limit is poor for 
industrial-hygiene analyses requiring short-term sam- 
pling. The limited sampling rate restricts the method 
largely to time-weighted average sampling. Further- 
more there is some difficulty in preparing calibration 
standards, as pure 3-benzyloxazolidine is not com- 
mercially available. However, there are no time- 
consuming purification and drying stages in the de- 
rivative preparation, and the method has been 
evaluated by NIOSH.57 

Carbon derivatives 

Attack at the carbonyl group by a nucleophilic 
carbon centre can lead to formation of suitable 
derivatives. Dimedone (5,5dimethylcyclohexane- 1,3- 
dione) contains a nucleophilic carbon centre at C-2 
and forms crystalline aldehyde derivatives, which can 
be used for infrared” or GC59@’ determination of 
aldehydes. The FID may be used but higher al- 
dehydes may interfere; MS is therefore used in pref- 
erence.60 The method is restricted to use with capil- 
lary columns operated at above 220°C. 

Sulphur derivatives 

Thiols have been proposed as agents leading to 
formation of dithioacetal derivatives through reac- 
tion at the sulphur atom. Use of thioethanol has been 
proposed, on account of its odour being less offensive 
than that of simple thiols, and the trimethylsilyl 
derivatives of the complexes may be determined by 
GC.6’ The method is a general one for aldehydes, but 
separation is possible on short packed columns, and 
the derivatives are eluted as single peaks. An FID was 
used6’ but a flame photometric detector might give 
better sensitivity. No quantitative formaldehyde de- 
termination was reported and the derivative prepara- 
tion is complex and lengthy, involving two reactions 
of 30-min duration. One of the reactions requires 
heating, so compounds which are thermally degraded 
to formaldehyde will interfere. 

HIGH-PRESSURE LIQUID CHROMATOGRAPHY (HPLC) 

Determination of carbonyl compounds by HPLC 
has been based exclusively on the 2,4-DNPH deriva- 
tives6”’ The earliest technique6* used normal-phase 
liquid chromatography, which is suitable for for- 
maldehyde determination, but some of the higher 
aldehydes are not fully resolved. The separation is 
improved by the use of reversed-phase liquid 
chromatography” and the two approaches have been 
compared.65 Solvent programming also facilitates 
separation.65*66 The use of acetonitrile as solvent has 
eliminated the time-consuming filtration, extraction 
and drying steps from the work-up procedure, but 
involves either heating65 for 30 min at 70” or the use 
of a catalyst.66 The formaldehyde can be trapped 
from air on a solid support coated with 2,4-DNPH, 

and this allows phenol to be co-sampled and deter- 
mined by GC, the aldehydes being determined by 
HPLC.67 The detection limit of the HPLC method is 
1.8 ng of formaldehyde, by use of an ultraviolet 
detector operating at 254 nm or near 360 nm. The 
method is therefore comparable with gas chro- 
matography in sensitivity, and the limiting factors for 
detection of atmospheric formaldehyde are the col- 
lection and work-up procedures. 

ION CHROMATOGRAPHY 

The formaldehyde is oxidized to formate on a 
treated charcoal sampling tube. After desorption with 
a solvent the formate is passed through ion-exchange 
columns, and detected as formic acid.68 A detection 
range of 0.340 pg/ml is claimed if a lo-ml desorption 
volume is used. The technique has a number of 
drawbacks. Formic acid and formate in the sample 
obviously interfere, as do acetate, acetaldehyde and 
acetic acid. The sample desorption requires ultrasonic 
treatment, and recent studies have shown significant 
loss of formaldehyde from the solid sorbent. Hence 
the NIOSH recommendation for this method has 
been withdrawn.69 

ELECTROCHEMICAL METHODS 

Polarography has been used to determine for- 
maldehyde, although the method has not proved 
popular. The Girard T derivative is used: its half- 
wave potential at a dropping mercury electrode is 
-0.99 V vs. a saturated calomel electrode.” The 
method lacks sensitivity, having a detection limit of 
2 pg/ml, and other aldehydes interfere. The sensi- 
tivity can be improved to 1 pg/ml by use of indirect 
differential pulse polarography,” but the procedure is 
complicated. 

An instrument for direct measurement of for- 
maldehyde in air has been based on an electro- 
chemical fuel ~ell.‘~ Clean air diffuses to the cathode 
of the cell, and the sample is passed to the anode, at 
which formaldehyde is oxidized. The resulting poten- 
tial change is related to the formaldehyde concen- 
tration. The device is portable and simple to operate. 
It has a detection limit of 0.4 mg/m3 but suffers severe 
interference from alcohols and phenols. 

MISCELLANEOUS SPECTROSCOPIC METHODS 

Chemiluminescence 

A chemiluminescent method is based on the vigo- 
rous reaction between formaldehyde, alkaline hydro- 
gen peroxide and 3,4,5-trihydroxybenzoic acid.73 The 
resulting strong orange luminescence may be mon- 
itored by a photomultiplier; the detection limit is 3 
ng/ml of formaldehyde, which is comparable to the 
sensitivity of the HPLC method. The luminescence 
lasts several minutes, and the analysis is rapid, but 
there are several interferences. Chemical interferences 
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include carbonyl compounds, particularly acet- 
aldehyde, humic acids and some inorganic ions. The 
intensity of luminescence is also dependent on tem- 
perature and pressure. 

The methods discussed below all involve direct 
analysis of gaseous samples and do not require a 
trapping medium. 

Laser -induced juorescence 

Formaldehyde in clean air has been determined by 
using a pulsed frequency-doubled tunable dye-laser 
covering the region 32&345 nm.74 The laser beam is 
passed through a cell containing the gaseous sample 
at reduced pressure; the detection limit is around 1 
pg/ml. Nitrogen dioxide and sulphur dioxide do not 
interfere. It may be possible to improve on the 
sensitivity but the test of the method would be its 
application to ambient and polluted air. 

Microwave spectroscopy 

The microwave rotational spectral lines of small 
molecules at low pressures are very sharp and charac- 
teristic, and the absorbance is proportional to the 
concentration. The method has been used for deter- 
mining formaldehyde by examining the microwave 
absorption spectra of polluted atmospheres.‘5 The 
experimental detection limit was estimated to be 0.3 
mg/m3 but theoretically this could be improved. 
Although the analysis time is short the instrument 
requires a recovery time of 20 min or ultrasonic 
treatment to eliminate carry-over between samples. 
The apparatus is expensive, requiring sophisticated 
electronic equipment to ensure high resolution, sta- 
bility and sensitivity. It requires high power and use 
of a vacuum pump and is unsuitable as a field 
instrument, and the low operating pressure makes 
accurate gas sampling difficult. 

Infrared spectroscopy 

An infrared spectrometer tuned to the carbonyl 
absorption band can be used to detect atmospheric 
formaldehyde. Thus a portable Miran infrared mon- 
itor may be used, and a detection limit of 0.3 mg/m’ 
is claimed. However, the infrared spectrum of for- 
maldehyde is not particularly characteristic and many 
compounds interfere. 

Infrared spectroscopy has been used to monitor 
atmospheric pollutants over an extended period of 
time in California.76 To determine concentrations of 
specific atmospheric pollutants a long path-length 
and a Fourier transform technique were used.” The 
method is a highly sensitive and selective technique 
for measuring most of the pollutants present in the 
atmosphere. The analysis is fast and the lower de- 
tection limit is approximately 1.2 pgg/m3, but the 
equipment is highly specialized. 

CONCLUSIONS 

exposure to formaldehyde, coupled with the wide- 
spread use of the substance, makes it likely that the 
trend towards lower threshold limit values will con- 
tinue. Epidemiological studies will require more in- 
formation from monitoring surveys on exposure pat- 
terns.‘* Accurate and increasingly sensitive analytical 
techniques are therefore required, which should be 
simple and suitable for on-site testing. 

Of the techniques reviewed, the chromotropic acid 
method is widely tested and will therefore remain 
popular. However, it can be used only for air samples 
collected by an impinger, and has limited sensitivity, 
and the use of concentrated sulphuric acid restricts its 
use in the laboratory; J-acid offers some advantages 
as an alternative. 

High-pressure liquid chromatography is rapidly 
becoming a standard laboratory technique, and the 
sensitivity and short analysis time for the deter- 
mination of formaldehyde suggest it will become 
more widely used for this purpose. No gas chro- 
matographic method has proved to be without some 
drawback, though selected methods may be very 
suitable for particular applications. It is also the 
technique most likely to be applied on-site, if the 
difficulties of derivative preparation and solvent hand- 
ling can be overcome. The methods utilizing direct 
analysis of gaseous samples require expensive and 
complex instrumentation which currently prevents 
their widespread use. 
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Summary-A method has been developed for the determination of Dy, ELI, Gd, Sm and Th in uranium 
(after chemical separation) by use of an inductively-coupled argon plasma in conjunction with a 
direct-reading spectrometer. The method can be used for the determination of Dy and Eu down to 
O.O2pg/ml, Gd to 0.05 pg/ml, Sm to 0.1 pg/ml and Th to 0.20pg/ml. 

The inductively-coupled argon plasma (ICAP) is 
finding increasing application as an excitation source 
for simultaneous multielement analysis by atomic- 
emission spectrometry (AES).lA This system has high 
sensitivity, large dynamic range and exceptional sta- 
bility and relative freedom from matrix effects, but 
use has not yet been made of it for trace metal 
determinations in matrices, such as uranium and 
plutonium, which have rich emission spectra. It is 
potentially of great use for analysis of such matrices 
for elements such as the rare earths, which themselves 
give a large number of emission lines. Brockaert et 

~1.~ have reported the determination of rare earths in 
mineralogical samples by use of a low-power ICAP, 
and Brenner et aL6 have described a procedure for 
determination of rare earths in a large variety of 
geological materials, with a medium-power argon- 
nitrogen ICP coupled with a 3.4-m Ebert spec- 
trograph. 

Owing to their large neutron-absorption cross- 
sections, determination of Gd, Sm, Eu and Dy at 
sub-ppm levels is important in the quality-control of 
nuclear materials such as uranium. The well estab- 
lished d.c. arc carrier-distillation technique,‘,’ though 
useful in the direct determination of volatile im- 
purities in uranium, cannot be used for estimation of 
the rare earths at such low concentrations because of 
their refractory nature. When the ICAP source is 
used for this analysis, though matrix effects are not 
expected to be significant, the problem of spectral 
interference still exists and it is necessary to separate 
the rare earths from uranium before the deter- 
mination. 

This paper describes the use of an ICAP, coupled 
with a direct-reading spectrometer, for the deter- 
mination of Dy, Eu, Gd, Sm and Th after their 
separation from uranium by solvent extraction’,” 
from hydrochloric acid medium with 20% tri-n- 
octylamine solution in xylene. 

EXPERIMENTAL 

Equipment 

A Jarrell-Ash Mark III Atomcomp direct-reading spec- 
trometer and associated ICAP source were used. The main 
features of the equipment are summarized in Table 1. A 
pneumatic nebulizer with adjustable cross-flow was used for 
injection of the sample into the plasma. 

Procedure 

The separation procedure and the preparation of stan- 
dards and samples were essentially similar to those described 
earlier9 except that 1M hydrochloric acid was used for the 
final dilution of the samples. For calibration, aqueous 
standards and also uranium standards that had been subjec- 
ted to chemical separation were used. 

RESULTS AND DISCUSSION 

Optimization of plasma operating conditions 

The parameters for each element were optimized 
for a lo-pgg/ml solution of the element in 1M hydro- 
chloric acid, the signal-to-noise ratio being studied as 
a function of (i) the observation height above the 
work coil, (ii) the lateral position of the plasma 
observation zone, (iii) the radiofrequency (RF) 
power and (iv) the coolagt-gas flow-rate. 

The analytical signal was taken as the count in the 
analytical channel, correc d for the background 
count. The background was easured on either side 
of the analytical line, at a \ velength 0.26 A away 
from the peak, by use of a spectrum shifter which can 
give the line profile over a 2-A range by means of a 
quartz refractor plate. The optimum position of the 
spectrum shifter for background measurement was 
selected after the profiles of the relevant analytical 
lines had been obtained. The analytical signals for the 
IO-pg/ml solution of the element and the reagent 
blank were taken as representing the signal and the 
noise respectively. 

It was found from univariate studies that the 

7’13 
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Table 1. Technical specifications of direct-reading spectrometer 

Optics 
Rowland circle 
Grating 

Ruling 
Ruled area 
Blaze 
Angle of incidence 
Length of focal curve 
Wavelength coverage 

Reciprocal linear dispersion 
Working resolution 

Optical alignment 

Excitation sources 
ICAP (inductively-coupled al 

plasma) 
RF generator frequency 

Max. power 

Detection system 
Analytical channels 

Temperature stability 

Data processing system 
Spectrochemical controller 

Data storage 

Input/Output device 

Basic software 
Analytical software 
Additional features 

0.75 M 

2400 grooves/mm 
3Ox40mm 
2700 8, (first order) 
42” 
580 mm 
1899-5000 A 
Additional optics for Na 5890 A, 
Li 6707 A and K 7664 8, channels 
5.3 a mm in first order 
0.36 k 
Hg profiling and refractor plate 
movement 

.gon 

27.12 MHz (crystal controlled) 
2kW 

47, covering 33 elements 
Variable wavelength channel 
1 low-voltage test card 
1 Hg reference-channel for 
optical alignment 
15-35°C 

PDP-1 l/23 computer with 64 kbyte 
MOS memory CPU and dual RLOl 
disk drive 
RLOI hard disk with 5.2 Mbyte 
capacity 
High-speed LA-120 DEC writer with 
180 characters/set printing 
speed 
RSX- I I M system 
Jarrell-Ash SAIL III 
Variable wavelength (N + I)th 
channel assembly with 0.5-m 
Ebert scanning monochromator 
Advanced automatic background 
correction facility available 

i.“o”;;” ~~$~i~~~~,~f of 
spectral line 

variation of coolant flow-rate from 15 to 25 l./min 
had no significant effect on the analytical signal. 
Hence the coolant flow-rate was kept constant at 
18 I./min in subsequent studies. The signal-to-noise 
ratio for the element studied was found to be max- 
imum at an observation height of 8 mm above the 
work coil. The effect of lateral position was measured 
by taking the centre of the sample flow channel as the 
reference line. The maximum intensity was obtained 

at the centre of the flow channel. The optimum 
observation height was found to be dependent on the 
torch dimensions and configuration. For two torches 
of different dimensions the optimum height was 

found to be 8 and 12 mm above the coil, but the 
optimum lateral position was the same in both cases. 
The optimum RF power was between 1.1 and 
1.2 kW. 

Because the effects of some of the plasma parame- 

Table 2. Optimized parameters for determination of rare-earth and 
thorium impurities in uranium by ICAP source 

Coolant gas flow 18 I./min 
Carrier argon gas i3ow 0.5 I./min 
Power 1.10 kW 
Observation height 8 mm above the work coil 
Lateral position 0 (centre of sample flow channel) 
Integration time 10 set 
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Table 3. Results for synthetic samples 

Sample Element 

DY 
Eu 

C Cd 
Sm 
Th 

A DY 
Eu 

DY 

B 
Eu 
Cd 
Sm 

DY 
Eu 

D Cd 
Sm 
Th 

Amount 
Wavelength, added,* 

A PPm 

353 1 0.100 
4205 0.100 

3531 0.500 
4205 0.500 
3796 0.500 
4424 0.500 

3531 1.00 
4205 1.00 
3796 1.00 
4424 1.00 
4019 1.00 

3531 2.0 
4205 2.0 
3796 2.0 
4424 2.0 
4019 2.0 

Amount found, 

PPM 

0.022 0.088 
0.022 0.088 

0.123 0.49 
0.125 0.50 
0.154 0.62 
0.129 0.52 

0.49, 0.99 
0.47, 0.95 
0.50, 1.02 
0.50, 1.01 
0.55, 1.10 

0.92, 1.85 
0.88, 1.71 
0.93, 1.87 
0.95, 1.90 
0.92, 1.85 

RSDT 

% 

9.0 
2.2 

1.7 
2.5 

13.3 
11.5 

0.9 
0.7 
0.8 
1.1 
2.6 

0.3 
0.4 
1.2 
0.6 
1.3 

*Based on a 5-g uranium sample. For samples A and B, the final volume after 
separation of impurities from uranium was 20ml of 1M HCl, while for 
samples C and D, the final volume after separation was 10 ml of 1M HCl. 

tBased -on 12 replicate measurements. 

ters may be interdependent, the observation height, 
lateral position and RF power were optimized simul- 
taneously by the simplex method.“.‘2 The values 
obtained were found to be very similar to those from 
the univariate study, within the ranges of power and 
gas flow available with the instrument. The optimum 
operating conditions are listed in Table 2. 

Analysis of synthetic samples 

Four synthetic samples were prepared by adding 
known amounts of the rare earths and thorium to 
pure uranium to give concentrations ranging from 0.1 
to Zppm. These elements were then separated from 
5 g of sample by the solvent extraction technique. The 
aqueous phase containing the rare earths and tho- 

rium was made up to 20 ml in 1M hydrochloric acid 
medium and analysed. Aqueous standards were used, 
covering the range O-10 pg/ml for the element in 1M 
hydrochloric acid medium. Additionally, standards 
prepared from uranium and the test element, and 
subjected to the same chemical separation procedure 
as the sample, were also used. The results obtained 
for both types of standards agreed well within experi- 
mental error, so it was concluded that aqueous 
standards could be used for all the analytes in- 
vestigated. The results of analysis of synthetic sam- 
ples are shown in Table 3. There is good agreement 

between the amounts added and the amounts esti- 
mated. The precisions (relative standard deviations) 
obtained at various concentration levels are also 
given in Table 3. 

E#ect of uranium 

Because the aqueous phase from the separation 
will contain traces of residual uranium, it was im- 
portant to examine the effect of uranium on the 
determination. This was done by aspirating a 
I-mg/ml solution of uranium and measuring the 
emission signals at the wavelengths used for the 
analyte determinations. Uranium was found to affect 
the different analyte channels to varying degrees. The 
interference was found to be least for Eu and Dy, 
which appeared to tolerate a 1000~pg/ml uranium 
level. The interference, however, was significant in the 
Cd and Sm channels, particularly before the back- 
ground correction. The correction reduced the inter- 
ference effects by about an order of magnitude, but 
the lOOO-pg/ml uranium level still gave signals in the 
Gd and Sm channels that were about 20 and 7 times 
those corresponding to the respective limits of de- 
tection. Therefore, the tolerance limit for uranium, if 
significant interference effects are to be avoided, is 
lOpg/ml, and it was found that 25 extractions were 
necessary to bring the uranium concentration down 

Table 4. Detection limits and estimation ranges 

Analytical Detection limit, Estimation 
line, 

- 

R 
(XL = x,, + 3u,, 1 Sensitivity, range, 

Element nglml countslng rcnlml 

DY 3531 0.006 0.58 0.02-10 
Eu 4205 0.006 2.39 0.02-10 
Cd 3796 0.015 1.79 0.05-10 
Sm 4424 0.035 0.68 O.ltIklO 
Th 4019 0.063 3.92 0.20-10 
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to this level. The reasons for the interference are not 
clear, but spectral interference cannot be ruled out, 
since the uranium 3796.2 A and 4423.7 A lines are 
very close to the Gd 3796.4 A and Sm 4424.3 A lines 
used for measurement. In the previous work,’ the 
spectrographic buffer used suppressed the effect of 
uranium, so a much higher level of this element 
(0.5 mg/ml) could be tolerated and only five extrac- 
tions were needed (a smaller sample was used). 

Detection limits 

The detection limits, calculated’3 as the concen- 
tration corresponding to a signal equal to the blank 
signal plus three times its standard deviation, are 
given in Table 4. The practical limit for quantitative 
determination was taken to be the concentration 
corresponding to about three times the detection 
limit.2 On this basis the lower limit of estimation is 
O.O2pg/ml for Dy and Eu, 0.05 pg/ml for Gd, 
0.1 pg/ml for Sm and 0.2 pg/ml for Th. The sensi- 
tivities are also given in Table 4. 

CONCLUSION 

The method described permits the determination 
hy Dy and Eu at 0.02 pg/ml, Gd at 0.05 pg/ml, Sm 
at 0.1 p g/ml and Th at 0.2 pg/ml concentration levels. 
With 5 g of sample and a final volume of the sample, 
after extraction, of 10 ml, the corresponding concen- 
trations in the sample are 0.04, 0.1, 0.2 and 0.4 ppm 

respectively. The use of the ICAP source and direct- 
reading spectrometer provides faster analysis with 
better precision. 
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Summary-Methods of obtaining active nitrogen plasmas at both reduced and atmospheric pressures are 
described. The mechanism of energy transfer from the excited states of nitrogen to metal atoms and to 
organic molecules and the subsequent emission of characteristic radiation is outlined. The application of 
these processes to the detection and determination of traces of metals and organic compounds is discussed 
and recent work on gas chromatographic detectors, based on these systems, is reviewed. 

Chemiluminescence arises when a chemical reaction 
produces an electronically excited state which emits 
radiation upon return to the ground state. Previous 
reviewsie9 on chemiluminescence give extensive dis- 
cussions of analytical uses of chemiluminescence in 
the liquid phase, the gas phase and flames. The 
purpose of this review is to discuss the use of active 
nitrogen for analytical chemiluminescence spec- 
trometry. 

In order for chemiluminescence to occur, three 
conditions must be fulfilled: (i) sufficient energy must 
be produced in the reaction to populate an excited 
state; (ii) the reaction mechanism must favour the 
production of the excited state; (iii) the excited state 
formed must be able to emit a photon or transfer its 
energy to another species that can emit a photon. 
Chemi-excitation is unusual since most chemical re- 
actions involve ground-state species.” Any excess of 
energy is released as vibrational excitation of ground- 
state products and is detected as heat. 

Direct chemiluminescence is defined as follows.” 

CM) 
A+B-C*+D 

c*+c + hv 

where M represents a third body and * indicates an 
excited state. Indirect chemiluminescence consists 
of: ’ ’ 

(Ml 
A+B+C-AB+C* 

c*+c + hv 

as well as metastable-energy transfer:‘* 

A*+B+B*+A 

B*+B+ho 

*Present address: E. I. duPont de Nemours & Co., Atomic 
Energy Plant, Bldg. 723-A, Savannah River Plant, 
Aiken, SC 29808. 

I’Author to whom all correspondence should be sent. 

The production of chemiluminescence by active 
nitrogen (NF) is an example of metastable-energy 
transfer. 

Most studies of the analytical applications of active 
nitrogen have involved the detection of metals. Re- 
cent work on induction of chemiluminescence of 
metals by active nitrogen is discussed below and listed 
in Table 1. Lewis3”36 was the first to observe spectral 
lines corresponding to metallic electrode materials in 
an active-nitrogen afterglow. He also observed mer- 
cury lines due to the diffusion of mercury vapour 
from the pumping system into a nitrogen afterglow. 
Kenty14.2’.22 conducted a series of experiments in 
which he examined the metal atomic emissions in an 
atmosphere of argon and nitrogen (at 300 and 10 
mmHg pressure, respectively). He passed a con- 
densed discharge through a gap between electrodes 
made from the metal of interest and detected the 
metal arc spectra. Later, Brennen and Kistiakowskyz3 
studied the active nitrogen-induced chemi- 
luminescence of metal carbonyls. Active nitrogen was 
produced by a microwave discharge at low pressure 
(1-5 mmHg) in a steady-flow apparatus. They dis- 
covered that Ni(CO)4, Fe(CO),, Cr(CO)6, W(CO),, 
Mo2(CO),,, and Co(NO)(CO), reacted very rapidly to 
form metal atoms and produced intense flames due to 
neutral metal atomic emission spectra. The reaction 
mechanism was concluded to be a stepwise de- 
gradation: Me(CO), + N-+Me(CO), _ , + NCO. The 
metal atoms were prooably excited by collision with 
N2(A3E:) molecules. 

The analytical potential of chemiluminescence in- 
duced by active nitrogen was clearly indicated in the 
study by Meyer et a1.,26 who observed the mercury 
emission line at 253.7 nm at concentrations of lo9 
atoms/cm3. They produced the active nitrogen with a 
microwave discharge and observed the 
Lewis-Rayleigh afterglow with a photomultiplier 
tube. 

Capelle and Sutton37 introduced bismuth vapour 
(produced in a resistively heated crucible) into a 
Lewis-Rayleigh afterglow. Argon was used to sweep 
the bismuth vapour into a viewing region in a quartz 
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Table 1. Detection of metals by use of active nitrogen 

Metal 

Ag 

Ag 

Al 

Al 
Au 

AS 

Ba 

Be 

Bi 

Bi 

Bi 

Ca 

Ca 
Cd 

Cd 

Cd 

co 

co 

Cr 

cs 
CU 

cu 

cu 
Fe 

Fe 
Ga 

Ge 

Hg 

Hg 
Hg 

Hg 

In 

Ir 

K 

Li 

Li 

Mg 

Date 
Emission, 

nlll 

1954 “Brush” flame 

1982 328.1 

1954 “Brush” flame 

1969 396.2 
1954 “Brush” flame 

1980 193.7 

1969 

1954 

1977 

1980 306.8 

1982 306.8 

1955 “Fountain” flame 

1969 
1955 
1960 
1973 

393.4, 422.7 
“Fountain” flame 

321.6 

1982 326.1 

1954 Co arc lines emitted from 
“brush” flame 
345.4 1966 

1954 

1977 
1954 

1982 

1963 
1954 

1965 
1955 
1960 
1980 

1967 

1972 
1981 

1980 

1955 

1954 

1973 

1955 
1960 
1973 

1937 

Resonance lines Ba+ at 493.4 
and 455.4 
Arc lines emitted in a “brush” 
flame 
306.8 

Cr arc lines emitted from 
“brush” flame 

Cu lines emitted from “brush” 
455.5 

flame 
324.7 

324.8 
Fe arc lines emitted from violet 
“brush” 
372.0 
“Fountain” flame 

265.1 

253.7 

253.7 
253.7 

253.7 

“Fountain” flame 

“Brush” flame 

404.4 

“Fountain” flame 

670.8 

Lines in 284.7-518.4 region 

- Other information* 

Produced by passing a condensed spark across Ag 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Microwave-induced N! at low pressure; LOD 2 pg, 
LDR 104-10s 
Produced by passing a condensed spark across Al 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Microwave-induced NT at low pressure 
Produced by passing a condensed spark across Au 
gaps in (300 mmHg Ar + 10 mmHg N2) 
N: excited in an electrodeless ozonizer discharge at 
1 atm; LOD 0.2 ng, LDR lo3 
Ba vapour added to Nz afterglow produced by a 
weak discharge through Xe containing trace N, 
Produced by passing a condensed spark across Be 
gaps in (300 mmHg Ar + IO mmHg N,) 
Microwave-induced Nz at low pressure; 1.5 x 10“ 
atoms/cm’ detected 
N$+ excited in an electrodeless ozonizer discharge at 
1 atm; LOD < 0.1 ng, LDR lo2 
Microwave-induced NT at low pressure; LOD 
3OOpg, LDR 104-lo5 
Produced by low-current discharge through inert gas 
with trace N, 
Impurity in N, 
Produced by low-current discharge through inert 
gases containing trace N, 
Microwave-induced N:; pressure-dependent with 
E,,,,, at 1OmmHg 
Microwave-induced NT at low pressure; LOD 30 pg, 
LDR 104~105 

Produced by passing a condensed spark across Cr 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Cs impurity in a laser 

Produced by passing a condensed spark across Co 
gaps in (300 mmHg Ar + 10 mmHg N,) 
Microwave degradation and excitation of 

Co(NO)(CO), 

Produced by passing a condensed spark across Cu 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Microwave-induced N: at low pressure; LOD 20 pg, 
LDR 104-lo5 
Microwave degradation and excitation of Cu halides 
Produced by passing a condensed spark across Fe 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Microwave degradation and excitation of Fe(CO), 
Produced by low-current discharge through inert 
gases containing trace N, 
N: generated in electrodeless ozonizer discharge at 
1 atm; LOD 20ng, LDR lo* 

Microwave-induced N: E,,,,, at 1OmmHg; relative 
line intensity pressure-dependent 
Microwave-induced N:; < lo9 atoms/cm’ detected 
N: generated by dielectric discharge at low pressure; 
LOD 10’ atoms cm3 
NT generated in electrodeless ozonizer discharge at 
1 atm; LOD < 0.02 ng, LDR lo3 
Produced by a low-current discharge through inert 
gases containing trace N, 
Produced by passing a Condensed spark across Ir 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Microwave-induced NT at low pressure; I?,,,,, at 
0.7 mmHa 
Exicted by a long-lived excited nitrogen species 

Microwave induced N; at low pressure; E,,, at 
0.7 mmHg 
Mg wire cathode 

Reference 

13 

14 

13 

15 
13 

17 

18,19 

13 

20 

17 

14 

21,22 

18 
21,22 

24 

14 

13 

23 

13 

20 
13 

14 

25 
13 

23 
21.22 

17 

24 

26 
27 

16.17 

21,22 

13 

24 

21,22 

24 

28 
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Metal 

Mg 

Mg 

Mn 
MO 

Na 

Na 
Nb 

Ni 

Ni 
Pb 
Pb 
Pb 

Pb 

Pd 

Pt 

Re 

Rh 

Sb 

Sb 

Se 

Sn 

Sr 

Ta 

Te 

Th 

Ti 

Tl 
Tl 

Tl 

U 

V 

W 

W 
Zr 

Zn 

Zn 

Zn 

Date 
Emission, 

FlM Other information* Reference 

1955 “Fountain” flame 

1982 383.8 

1966 
1954 
1955 
1958 

1973 
1954 
1955 
1954 

1966 
1963 
1980 
1980 

1982 

1954 
1955 
1954 

1954 

1954 

1952 206.8 

1980 206.8 

1980 

1980 

1955 
1960 
1954 

1980 

1954 

1954 Ti arc lines from “brush” flame 

1963 258.c535.0 
1963 535.0 

1982 351.9 

1954 

1954 
1955 
1954 

“Brush” flame 

Brilliant red “brush” flame 

Blue “brush” flame 

1966 
1954 

1955 
1960 
1973 

Zr arc lines produced from 
“brush” flame 
Zn line emission in “fountain” 
flame 
308, 481, 472, 468 

1981 468 

257.6 
550.65 “blue” flame 

D-line emission 

589.0, 589.6, 330.2 
Yellow “brush” flame emitted 
Nb lines 
Ni arc lines emitted from 
“brush” flame 
341.5 
368.3, 405.8 
368.3 
283.3 

368.3 

Green “brush” flame 

“Brush” flame 

“Brush” flame 

“Brush” flame 

196.0 

326.2 

“Fountain” flame 

Blue flame emission at 521.3 

214.3 

535.1 

430.2 

NT produced by low-current discharge through inert 
gases containing trace N, 
Microwave-induced N: at low pressure; LOD 80 pg, 
LDR 104-IO5 
Microwave degradation and excitation of Mn,(CO),, 
Produced by passing a condensed spark across MO 
electrodes in Ar containing trace N, 
Detected in daytime in upper atmosphere at 
9&l 10 km levels when Na was ejected from a rocket 
Microwave-induced Nz, E,,,.X at 0.7 mmHg 
Produced by passing a condensed spark across Nb 
electrodes in Ar containing trace N, 
Produced by passing a condensed spark across Ni 
gaps in (300 mmHg Ar + 10 mmHg NJ 
Microwave degradation and excitation of Ni(CO), 
Microwave degradation and excitation of Pb halides 
Microwave-induced N: at low pressure; LOD 0.2 ng 
N: generated in electrodeless ozonizer discharge at 
1 atm; LOD 5ng, LDR lo3 
Microwave-induced N: at low pressure; LOD 40 pg, 
LDR 104-IO5 
Produced by passing a condensed spark across Pd 
gaps in (300 mmHg Ar + 10 mmHg NJ 
Produced by passing a condensed spark across Pt 
gaps in (300 mmHg Ar + 10 mmHg Nr) 
Produced by passing a condensed spark across Re 
gaps in (300 mmHg Ar + 10 mmHg NJ 
Produced by passing a condensed spark across Rh 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Excitation by active nitrogen formed in thermal 
decomposition of silver azide 
N: generated in electrodeless ozonizer discharge at 
1 atm; LOD 1 ng, LDR lOI 
N: generated in electrodeless ozonizer discharge at 
1 atm; LOD 5 ng, LDR 10’ 
N: generated in electrodeless ozonizer discharge at 
1 atm; LOD 20 ng, LDR lo2 
Produced by low-current discharge through inert 
gases containing trace Nr 
Produced by passing a condensed discharge spark 
across Ta gaps in (300 mmHg Ar + 10 mmHg N,) 
N: generated in electrodeless ozonizer discharge at 
1 atm; LOD 50ng, LDR IO2 
Produced by passing a condensed spark across Th 
gaps in (300 mmHg Ar + 10 mmHg NJ 
Produced by passing a condensed spark across Ti 
gaps in (300 mmHg Ar + 10 mmHg N2) 
Correlated N, excited states with Tl transitions 
The efficiency of excitation of Tl atoms by active 
nitrogen was very low 
Microwave-induced N: at low pressure; LOD 5 pg, 
LDR 104-lo5 
Produced by passing a condensed spark across U 
gaps in (300 mmHg Ar + 10 mmHg N,) 
Produced by passing a condensed spark between V 
electrodes in Ar containing trace N, 
Produced by passing a condensed spark across W 
gaps in (300 mmHg Ar + 10 mmHg NJ 
Microwave degradation and excitation of W(CO), 
Produced by passing a condensed spark across Zr 
gaps in (300 mmHg Ar + 10 mmHg N,) 
Produced by low-current discharge through inert 
gases containing trace N, 
Microwave-induced N: at low pressure; &,,, at 
10 mmHg 
Nz generated by dielectric discharge at low pressure; 
LOD IO8 atoms/cm’, LDR IO7 

21 

23 

23 
14,21 

28 

24 
13,21 

13 

23 
29 
30 
17 

14 

14,21 

13 

13 

13 

31 

31 

17 

17 

21,22 

23,32 

17 

13 

13 

25 
33 

14 

13 

13,22 

13 

23 
13 

21,22 

24 

27 

*LOD = limit of detection; LDR = linear dynamic range, E,,,,, excitation maximum, i.e., maximal emission. 
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tube. The active nitrogen was generated by a micro- 
wave discharge. Bismuth concentrations as low as 
1.5 x lo4 atoms/cm3 were measured. 

In 1978, Capelle and Sutton3’ named this technique 
metastable transfer emission spectroscopy (MTES) 
and presented further uses for this low-pressure sys- 
tem for microwave discharge generation of active 
nitrogen. They introduced gas phase samples through 
a stainless-steel capillary into a flow tube where the 
sample was mixed with an active nitrogen-argon 

mixture at l-5 mmHg. Germane (GeH,) concen- 
trations as low as 7 x 10’ molecules/cm3 (correspond- 
ing to parts-in-10” levels in the gas) were detected. 

The application of MTES for the determination of 
lead in water was demonstrated by Melzer et ~1.~’ The 
apparatus was an improvement on the one employed 
for the detection of bismuth3’ and the crucible was 
replaced by a small tantalum boat. A limit of de- 
tection of 0.2 ng of Pb was achieved. 

The first analytical study of inorganic species with 
a nitrogen afterglow produced at atmospheric pres- 
sure was published by D’Silva et al.‘“~” The active 
nitrogen was generated in an electrodeless discharge 
ozonizer operated at 20 kV and 1800 Hz. The hy- 
drides of As, Bi, Ge, Pb, Sb, Se, Sn and Te were 
produced and mixed with the afterglow in the obser- 
vation regions. Limits of detection for these elements 
(Table 1) were compared with those obtained by 
other spectrometric techniques employing hydride 
generation. The results were of the same order of 
magnitude as those obtained by atomic-absorption 

spectroscopy. 
Another approach to the measurement of metals at 

low pressure was introduced by Dodge and Allen.27,4n 

This technique was called metastable energy transfer 
for atomic luminescence (METAL) and differed from 
that of Sutton and co-workers20.30,38 in respect of the 
method of active-nitrogen generation and the nitro- 
gen emission system. The apparatus of Sutton and 
co-workers20.30,38 utilized a microwave discharge for 
the production of active nitrogen and the emission 
was the straw yellow Lewis-Rayleigh afterglow.*’ A 
microwave produces nitrogen plasmas with high con- 
centrations of nitrogen atoms and a concentration3’ 
of N2(A3C:) of the order of 5 x IO9 molecules/cm3. 
The concentrations of N,(A’Z:) and vibrationally- 
excited ground-state N2(X’El) are crucial, since they 
are the principal energy carriers.‘4x’7 Many different 
mechanisms for metal excitation in active nitrogen 
have been suggested,‘4,27,52 but it is generally accepted 
that the N2(A3Z:) state is responsible for excitation 
of energy levels requiring >4.5 eV while the 
N2(X’Cg+) state is responsible for excitation of lower 
levels. Dodge and Allen27,40 generated active nitrogen 
by means of a dielectric discharge and the nitrogen 
emission they observed was the second positive sys- 
tem of nitrogen. The concentration of N,(A’C:) was 
reported to be in the order of lOI molecules/cm’. 
Detection limits of lo8 and IO’ atoms/cm-’ were 
obtained for mercury and zinc, respectively. The 

linear dynamic range for zinc was reported to be 7 
orders of magnitude. 

More recently, Na and Niemczyk14 measured a 
series of metals by MTES. Aqueous solutions of trace 
metals were dried and atomized in a tantalum boat. 
The metal vapour was mixed in a flow cell with active 
nitrogen generated by microwave discharge. Limits of 
detection for Ag, Bi, Cd, Cu, Mg, Pb and Tl ranged 
from 2 to 300 pg. The measurements were performed 
at l-2.4mmHg. The effect of various interferences 
in electrothermal-atomization metastable-emission 
spectrometry has also been examined.4’ The anion 
effect on the analyte signal is an important parameter 
since in furnace atomic-absorption spectroscopy 
(FAAS), the magnitude of the analyte signal intensity 
depends strongly on sample composition.4’ For ex- 
ample, cadmium and lead nitrates gave higher sensi- 
tivities than their chloride counterparts,42.43 and cop- 
per nitrate was found to give a sensitivity the same as 
or lower than that of copper chloride. Na and 
Niemczyk have shown that the anion effects of 
sulphate, nitrate and chloride on the signal intensities 
of Cu, Cd and Pb (detected by MTES) are minimal.4’ 
Na and Niemczyk have also investigated the matrix 
effects of NH,CI, NH4N03, NaCl, NaNO,, MgCl, 
and Mg(NO,), on the analyte signals of Cd, Cu and 
Pb chlorides and nitrates. In general, there were no 
matrix effects detected except for negative inter- 
ferences at high concentrations of matrix materials. 

Active nitrogen-induced chemihtminescence of 
molecules, especially hydrocarbons, is a relatively 
new research topic. Recent work in this area is 
discussed below and Table 2 tabulates the results. 

Two research groups, Sutton and co-workers4”,49 
and D’Silva and co-workers’7.47,48 have examined the 
application of an active nitrogen-induced chemi- 
luminescence gas-chromatographic detector. The sys- 
tem of Sutton et a1.46 involved a microwave-induced 
nitrogen plasma operated at 8-30 mmHg. A 0.05 mm 
bore stainless-steel capillary tube was used to couple 
the gas chromatograph (operated at 1 atmosphere) to 
the active-nitrogen detector. When small hydro- 
carbon molecules (7 carbon atoms or less) were mixed 
with active nitrogen, CN was produced and emission 
from the CN(B’I:++X’Z+) transition was detected. 
By monitoring the CN chemiluminescence at one 
wavelength, as the eluent from the gas chro- 
matograph became mixed with the active nitrogen, a 
chromatogram could be obtained. To reduce the 
limits of detection, a 1% mixture of HCI in nitrogen 
was added to the nitrogen afterglow. The addition of 
HCl is known to catalyse the reaction of Group II 
hydrocarbons (simple saturated compounds) in active 
nitrogen and hence increase the production of CN; 
this is due to the catalytic effect of HCI on the 
residual polymerized CN present.5’ Limits of de- 
tection of 10 pg for vinyl fluoride and 4 ng for CH, 
were obtained.46 To make the detector specific for 
oxygen-containing compounds (as well as air 
leaks), either the NO(A’Z:‘-X211) bands or the 
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Table 2. Detection of molecular species with active nitrogen 
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A1W-U 
ASH, 

Bi(CH,), 

MTES system; nc AFOM 
MTES system; no AFOM 
MTES system; detected lo’-10”’ molecules/cm-‘, 
LDR 105-10” 

Bi(CH,), 
CHI 
CH,OH 
CH,CHF 
GeH, 

MTES system; detected IO4 molecules/cm3, LDR IO6 
MTES system; LOD 4 ng, LDR 10); HCI added 
MTES system; LOD ~0.1 pg 
MTES system; LOD 100 pg, LDR 1 O4 
MTES system; LOD 10’ molecules/cm3, LDR 
105-106 

GeH, MTES system; LOD 7 x 10’ molecules/cm’, LDR 
105 

Ge(C,HJ, 
Hexadecane 

Hg(CH,), 
Hg(CH,), 
Hg(C,HJ, 
Hg(C,H,), 
Hg(C4H& 
Hg(C,H,,), 
Hg(C,HJ, 
Hg(CH,)Cl 
Naphthalene 

Pb(CdH& 
PH, 
SiH, 

Sn(C,H,,), 
Anthracene 
Benzene 
3,4 Benzopyrene 
1,2 Benzopyrene 
I,12 Benzo- 
perylene 
Chrysene 
Coroene 
1,2:5,6 

Emission, 
Comnound Date nm Other information* Reference 

1979 Al line 45 
1978 As line 45 
1978 Bi line 45 

1979 Bi line 38 
1979 CN emission 46 
1980 OH and NO emission 49 
1979 CN emission 46 
1978 Ge line 45 

1978 Ge line 38 

1978 Ge line 45 
1982 383.3 (CN) 47 
1981 Hg line 47 
1982 Hg line 48 
1982 Hg line 48 
1982 Hg line 48 
1982 Hg line 48 
1982 Hg line 48 
1982 Hg line 48 
1982 Hg line 48 
1982 383.3 45 
1981 Pb line 47 
1978 P line 4s 
1978 Si line 4s 
1981 Sn line 47 
1983 445.5 52,53 
1983 274.2 52,S3 
1983 402.4 52,53 
1983 386.8 52,S3 
1983 471.5 52,53 

1983 401.5 52,53 
1983 453.1 52,53 
1983 391.7 52,53 

:ene 1983 391.7 52.53 
1983 414.7 52,53 

1983 504.4 52,53 
1983 330.0 52,53 
1983 436.4 52,53 
1983 373.1 52,53 

52,53 

MTES system; no AFOM 
APAN system; LOD 0.8 ng, LDR 10’ 
APAN system; LOD 2 pg. LDR lo5 
APAN system; LOD 2pg, LDR IO5 
APAN system; LOD 5 pg, LDR 10’ 
APAN system; LOD 1Opg. LDR lo5 
APAN system; LOD 20pg 
APAN system; LOD 30 pg 
APAN system; LOD SOpg 
APAN system; LOD 50pg 
APAN system; LOD 2 ng 
MTES system; LOD lOOpg, LDR 10’ 
MTES system; no AFOM 
MTES system; no AFOM 
APAN system; LOD 2 ng, LDR IO3 
Dielectric discharge; LOD 10 pg, LDR > IO3 
Dielectric discharge; LOD 1 pg, LDR > IO2 
Dielectric discharge; LOD 5Opg, LDR > 10’ 
Dielectric discharge; LOD 20 pg, LDR > IO’ 
Dielectric discharge; LOD 40 pg, LDR > IO3 

Dibenzanthrac 
20-Methyl- 
cholanthrene 
Naphthacene 
Naphthalene 
Perylene 
Pyrene 

Dielectric discharge; LOD 30 pg, LDR > IO’ 
Dielectric discharge; LOD 100 pg, LDR > lo3 
Dielectric discharge; LOD 30 pg, LDR > IO3 
Dielectric discharge; LOD 30 pg, LDR > lo3 
Dielectric discharge; LOD 40 pg, LDR > lo-’ 

Toluene 1983 381.0 

Dielectric discharge; LOD 20 pg, LDR > 10’ 
Dielectric discharge; LOD 2 pg, LDR > IO* 
Dielectric discharge; LOD 40 pg, LDR > 10’ 
Dielectric discharge; LOD 40 pg, LDR > 10’ 
Dielectric discharge; LOD 1 pg, LDR > IO2 

*MTES = metastable-transfer emission spectroscopy. The active nitrogen is microwave-induced at low pressure. 
APAN = atmospheric-pressure active nitrogen. The active nitrogen is microwave-induced at 1 atm. AFOM = analytical 
figures of merit. 

0H(A2C++X2n) transition could be monitored. 
Selectivity was demonstrated49 but no limits of de- 
tection other than those for methanol were obtained. 
Mach et al.” have used high-resolution capillary 
gas-chromatography with MTES detection to sepa- 
rate and detect the carbon-, oxygen- and phosphorus- 
containing compounds in 0.5 ~1 of jet engine A hel. 

Rice et ~1.~’ have applied an atmospheric-pressure 
active-nitrogen afterglow (APAN) as a detector for 
gas chromatography. A glass-capillary transfer line 
was used to couple the gas chromatographic column 
to the APAN system previously described.” Selective 
trace level detection of organo-mercury, -lead, and 
-tin compounds was achieved by monitoring the 
metal line emissions. Hexadecane and naphthalene 
were detected by observing the CN emission at 

388.3 nm. Methods for determining methylmercury 
compounds in fish, water, urine and sediments, and 
dialkylmercury compounds in water with the 
GC-APAN system have been reported4’. 

Jurgensen et al. 52s3 have used the dielectric 
discharge2’@ to excite organic molecules. The ex- 
citation is sufficiently gentle to produce no apparent 
fragmentation. The resulting fluorescence spectra are 
similar to those obtained in both the liquid and 
gaseous state. They found that the electronic (iron 
2-line method) temperature of the direct discharge 
was 3280 + 132 K and that of the afterglow discharge 
was 3090 f 70 K. The concentration of the meta- 
stable N, species (N2A3Z:) in the afterglow was 
found to be lOI molecules/cm3 (2% of the N, mole- 
cules are in the A3C: state). On the basis of these and 
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other diagnostic measurements, Jurgensen52,53 found 
that the afterglow background (and the direct dis- 
charge background) was due primarily to the transi- 
tion C311+B311, and the species responsible for 
excitation of the organic molecules was A3X: 
(_ 6.3 eV energy). Detection limits were obtained 
in the subnanogram range for polycyclic aromatic 
hydrocarbons (Table 2) by using a large-aperture 
monochromator and either an RI66 or a lP28A 
photomultiplier tube. All species (except benzene and 
naphthalene) were introduced into the afterglow by 
injecting 0.5 ~1 of l-100 ppm solutions in hexane into 
a heated injection port. Benzene, toluene and naph- 
thalene vapours were introduced continuously into 
the afterglow through an external heated chamber by 
a flow of nitrogen. Jurgensen et aZ.52,53 also interfaced 
a gas chromatograph to the dielectric discharge and 
used a silicon intensified target-vidicon (SIT) for 
spectral detection. The limits of detection were de- 
graded by a factor of l&100, and owing to the need 
to reduce the nitrogen carrier-flow, the separation 
characteristics were seriously impaired. This system 
needs further work to be of analytical use. 

In conclusion, the dielectric discharge used by 
Dodge and Allen27,40 and the atmospheric-pressure 
active-nitrogen afterglow used by D’Silva et a1.‘7.47.48 

seem to be the most versatile low- and high-pressure 
means of producing active nitrogen. Both discharges 
are robust in terms of solvent and matrix intro- 
duction, simple to construct and operate and intense 
for both atomic and molecular species. In addition, 
the dielectric discharge has future application to 
identification and determination of molecular species 
in gas chromatography.52.53 Microwave-induced 
metastable-transfer emission spectroscopy (MTES) 
has been the most fully evaluated means of using 
active nitrogen for excitation of both atomic and 
small molecular species, and may ultimately be 
the method of choice, particularly as a gas- 
chromatographic detector. 
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Summary-A highly specific determination of traces of cyanide is described, based on the catalytic effect 
of cyanide on the oxidation of pyridoxal-5-phosphate oxalyldihydrazone by dissolved oxygen. The 
reaction is monitored by measuring the fluorescence of the oxidation product (I._ 350, I_,,, 420 nm), and 
allows determination of 3-180 ng/ml cyanide concentrations with relative standard deviations of 0.4-0.8%. 
The effect of 56 foreign ions has been investigated: 45 of them do not interfere, and only one, Hg(II), 
interferes when present at the same level as the cyanide. Its application to the determination of total 
cyanide in industrial and synthetic samples, without preliminary distillation, is reported. 

It is well known that cyanide catalyses the oxidation 
of some aromatic aldehydes to acids, through for- 
mation of cyanohydrins,’ and this has been utilized 
for spectrophotometric and fluorimetric determin- 
ation of cyanide.*-5 The reaction between the cyano- 
hydrin of p-nitrobenzaldehyde and o-dinitrobenzene 
to give a highly-coloured blue compound, the doubly- 
charged anion of o-nitrophenylhydroxylamine, has 
been used by Guilbault and Kramer.’ The rate of 
reduction of the o-dinitrobenzene was followed spec- 
trophotometrically at 560 nm. Cyanide could be 
determined in the range 45450 ng/ml, and the 
method was highly specific. 

The fluorimetric methods for determination of 
cyanide have been reviewed and critically studied.6 
The reaction of pyridoxal with oxygen to give 
4-pyridoxolactone, a highly fluorescent compound, is 
catalysed by cyanide. 3-5 Factors affecting the reaction 
rate have been studied by Takanashi and Tamura.’ 
The reagents are mixed in phosphate medium at 
pH 7.4 and heated at 50” for 60 min. The fluorescence 
is measured at pH 10 (achieved by adding sodium 
carbonate). The calibration graph is linear from 4 to 
180 ng/ml. This reaction is regarded as the most 
sensitive fluorimetric method for cyanide.* 

Here, the analytical properties of a new compound, 
pyridoxal-5-phosphate oxalyldihydrazone (PPOH), 
are described for the first time, and its aerial ox- 
idation is used for the kinetic fluorimetric deter- 
mination of traces of cyanide by means of their 
catalytic effect on the oxidation reaction. Under the 
conditions proposed, the reaction is rapid, mea- 
surements being taken less than 7 min after the start. 
The method is very selective, no preliminary dis- 
tillation is needed and cyanide concentrations as low 
as 3 ng/ml can be determined. 

EXPERIMENTAL 

Synthesis of the reagent 

Pyridoxal-5-phosphate (0.6 g) dissolved in the minimum 
of hot water-ethanol (3:2 v/v) solution was mixed with 
0.13 g of oxalylhydrazide dissolved in hot water-ethanol 
mixture (1: 1 v/v). The mixture was refluxed for 30 min, then 
let cool to room temperature. The yellow product was 
filtered off and washed with ethanol. Calculated for 
C,sH,,O,,N,P,, C 37.50x, H 3.82%; found C 37.5x, H 
4.1%. 

Reagents 

Pyridoxal-5-phosphate oxalyldihydrazone (PPOH) solu- 
tion 7 x IO-W, in methanol. Several drops of O.OlM 
sodium hydroxide (enough to give an apparent pH of _ 7) 
were added to dissolve the reagent. This solution is stable 
for at least one month. 

Standard cyanide solution. Potassium cyanide (2.5 g, 
equivalent to I g of cyanide) was dissolved in 1 htre 
of 0.05M sodium hydroxide and standardized argento- 
metrically.9 

Ammonia-ammonium chloride 6M buffer solution, pH 9.8. 
Chloramine-T solution and pyridine-barbituric acid re- 

ugent.‘O 
Reagent-grade chemicals and pure solvents were used. All 

anions tested were added in the form of their sodium or 
potassium salts. 

Apparatus 

Spectrofluorimeter. A Perkin-Elmer fluorescence spec- 
trophotometer, model MPF-43A, fitted with a device for 
kinetic measurement and with l-cm quartz cells was used. 
The cell compartment of the spectrofluorimeter was kept at 
constant temperature by circulating water. The sensitivity 
was set at 3, and the excitation and emission slits were set 
to give 6-nm spectral band-pass. A set of fluorescent poly- 
mer samples was used daily to adjust the spectrofluorimeter 
to compensate for changes in source intensity. 

Cyanide distillation apparatus.‘0 
Air-sampling equipment. A constant-flow pump, DuPont 

model S2500; impingers, volume 30 ml; cellulose ester filters, 
37mm in diameter and 0.8pm thick. 

783 
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Procedure 
To lo-ml standard flasks add 0.5 ml of 7 x 10m4M PPOH 

solution, 5 ml of 6M ammonia-ammonium chloride buffer 
(pH 9.8), 2.5 ml of 4M sodium chloride and appropriate 
volumes of cyanide sample to give a final concentration of 
cyanide between 3 and 180 ng/ml. Make up to volume with 
distilled water, mix and after 1 min transfer a portion to a 
l-cm quartz cell kept at 62 t_ 0.1’. Wait 2 min before 
starting to record the fluorescence intensity (A,, 350, I,, 
420 nm) as a function of time. Run a blank with no cyanide 
present. Calculate the reaction rate from the difference in the 
slopes of the fluorescence-time plots for the sample and the 
blank. 

RESULTS AND DISCUSSION 

Analytical properties of the reagent 

At room temperature, PPOH is highly soluble 
in water or in sodium hydroxide solution, moderately 
soluble in dimethylformamide or methanol and 
slightly soluble in ethanol. Aqueous solutions are 
unstable whatever their pH. A 3.5 x 10d5M 
solution in methanol-water (I :24 v/v) has an absorp- 
tion maximum at 305 nm and a very small absorption 
band at 360 nm in acidic and neutral media. In 
alkaline medium it shows a broad band with an 
absorption maximum at 305 nm. PPOH solutions are 
fluorescent (&, 365 nm, i,, 510 nm in acid medium 
and i,, 400 nm, i,, 510 nm in alkaline medium). 

The stability of the PPOH solutions is critically 
dependent on the medium. The reagent is stable in 
organic solvents such as methanol. Aqueous PPOH 
solutions are unstable owing to the autoxidation of 
the reagent by dissolved oxygen. This difference in 
behaviour occurs because there is a hydrolysis step 
prior to the oxidation, and this is favoured in an 
aqueous medium. For this reason, neutral aqueous 
solutions are more stable than acid or basic ones, 
because H+ and OH-- ions catalyse the hydrolysis. 
This autoxidation reaction occurs at pH values very 
close to that used for the determination of cyanide, 
which is why blanks are run. 

The pK values for the dissociation in 
methanol-water (1:24 v/v) were found”,‘2 to be 3.9, 
8.2 and 10.4. 

The colour reactions of the reagent with 62 ions at 
various pH values were investigated; it reacts with 
Mg(II), Co(U), Ni(II), Mn(II), Fe(I1) and Fe(II1). 
Only the red Mg(IItPPOH complex formed at 
pH 4.2 and 50” (acetic acid-sodium acetate buffer) 
is of any photometric analytical interest. The 
fluorescence reactions are not important. Only V(V) 
and Al(II1) show fluorescence which is different from 
that of the reagent, but the sensitivity is low. 

Oxidation of PPOH and catalytic action of cyanide 

The excitation and emission spectra of PPOH show 
a hypsochromic change in basic (&,, 350 nm, &,,, 
420 nm) and acid (a,, 320 nm, A,,,, 395 nm) media in 
presence of such oxidizing agents as KIOj, H202, 
K,S,Os and NaIO,. Solutions of PPOH in 
ammonia-ammonium chloride buffer show identical 
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Fig. 1. Catalytic effect of cyanide on the oxidation of PPOH 
by dissolved oxygen. Excitation and emission spectra. 
1,l’: PPOH; 2,2’: PPOH + CN-. [PPOH] = 8 x lo-‘M; 
[CN-] = 0.4 pg/ml; [NH,Cl-NH,] = 0.4M. Graphs were 
recorded after a reaction time of I hr. Temperature 50°C. 

fluorescence maxima (J.,, 350 nm, A,,,, 420 nm) to 
those obtained in the presence of oxidants but the 
formation of the fluorescent product is so slow that 
it takes several days for a detectable amount to be 
produced. In the presence of traces of cyanide, the 
oxidation rate of PPOH by dissolved oxygen is 
accelerated. This effect is shown in Fig. 1. The 
catalytic nature of the cyanide reaction is revealed by 
the fact that it does not take place in an inert 
atmosphere. When oxidants are utilized, the reagent 
is oxidized immediately, and cyanide then does not 
have a catalytic effect. 

Several tests have been made to characterize the 
oxidation product of PPOH and establish the mech- 
anism of the reaction, with the following results 

(a) The characteristic absorption peak at 305 nm 
of the Schiffs base formed between pyridoxal-5- 
phosphate and oxalylhydrazide disappears in the 
course of the reaction. This seems to be due to 
hydrolytic breaking of the azomethine group. 

(6) The fluorescence maxima corresponding to the 
reagent (L,, 400 nm, A,,,, 510 nm) disappear like the 
absorption maximum, but an intermediate product 
(J.,, 320 nm, &,,, 370 nm) can be observed before the 
formation of the final product (A,, 350nm, L,, 
420 nm). This intermediate is in equilibrium with 
PPOH and subsequently with the final product, and 
its fluorescence characteristics are the same as those 
of the pyridoxal-5-phosphate.‘3 This seems to corrob- 
orate the supposition of hydrolytic breaking. 

(c) The fluorescence maxima of the oxidation 
product of PPOH are similar to those reported for a 
solution of pyridoxal-5-phosphate treated with hy- 
drogen peroxide, which forms 4-pyndoxic acid. 

From these observations it can be inferred that the 
likely oxidation mechanism consists of hydrolytic 
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T (‘Cl PH CPPOHI, IO’ M 

Fig. 2. Effect of the temperature (A), pH (B) and PPOH concentration (C) on the reaction rate of the 
PPOHQCN- system. 

breaking of the azomethine group and oxidation of 
the resulting compounds. 

Several attempts have been made to isolate the 
highly water-soluble fluorescent species from mix- 
tures of the parent reagent and cyanide, but without 
success. Evaporation yielded a reddish brown liquid 
which would not crystallize. Addition of ethanol 
produced a yellow solid, the excitation and emission 
spectra of which were identical to those obtained in 
the analytical test, but this solid was water-soluble 
and non-extractable by water-immiscible organic sol- 
vents, and was contaminated by the reagent, so 
meaningful ultraviolet and infrared spectra could not 
be obtained. Attempts to obtain a pure product by 
thin-layer chromatography were unsuccessful. 

Injuence of reaction variables on the oxidation 

The temperature of the cell-holder was varied over 
the range 35-70” (Fig. 2A). The reaction rate in- 
creased linearly withtemperature increase between 35 
and 60” but less steeply at higher temperatures. A 
temperature of 62” was selected for use. From Ar- 
rhenius plots of In k vs. reciprocal of the absolute 
temperature, the activation energy for the catalysed 
reaction was calculated to be 5.1 +_ 0.1 kcal/mole. 

The effect of pH on the reaction rate is given in Fig. 
2B. The optimum pH is 9.7-10.0. The effect of the 
type of buffer (phosphate, carbonate, ammonia) was 
examined. The reaction develops only in the presence 
of ammonia-ammonium chloride buffer, and is lin- 
early related to the buffer concentration up to at least 
4M. A 3M concentration was chosen. 

The influence of the PPOH concentration was 
tested in the range 5 x 10-6-10-4M and is shown in 
Fig. 2C. A purely aqueous solution could not be used 
because of its instability, so a methanol solution was 
used. However, increasing the methanol content of 
the final aqueous methanol medium decreased the 
reaction rate, so its concentration in the solution 
measured was minimized. 

The rate of reaction rises with increasing ionic 
strength up to IM and then remains constant. 

The fluorescence intensity vs. time curves for 
different cyanide concentrations were recorded. The 
initial slopes indicate a first-order reaction with 
respect to cyanide. 

The various kinetic dependences on pH (Fig. 2B), 
reagent concentration (Fig. 2C) and buffer concen- 

tration are summarized in Table 1, and the following 
equation is suggested for the oxidation of PPOH 
(3.5 x 10m5M) by dissolved oxygen at pH 9.85 in the 
presence of 3M ammonia buffer and cyanide as 
catalyst: 

d[PPOH],,/dt = k[NH,Cl-NHJ3”[CN-1 

in which [PPOH],, is the concentration of oxidized 
reagent and k is the conditional rate constant. This 
equation does not include the effect of the un- 
catalysed reaction. 

Calibration graphs 

Three kinetic methods have been tested for 
the determination of cyanide: tangent ([CN-] 10-180 
ng/ml), fixed-time ([CN-] 3-180 ng/ml) and variable- 
time ([CN-] 3-60 ng/ml).14 For the fixed-time 
method, measurements were made after 7 min. For 
the variable-time method, the inverse of the time 
necessary to obtain a relative fluorescence intensity of 
30% was plotted against the cyanide concentration. 

The relative standard deviation for 50 ng/ml cy- 
anide (P = 0.05, n = 11) is smaller for the initial-rate 
method (+0.4x) than the fixed-time (f0.8%) and 
the variable-time (+ 0.7%) methods. 

The initial-rate method is recommended when pre- 
cision is the prime consideration and the fixed-time 
method when a low detection limit is the important 
factor. 

Interferences 

The effect of 35 anions and 21 cations on the 
determination of cyanide was tested. The tangent 
method was used because a change in slope could be 
more clearly detected than a change in a single data 
point. The tolerance limits for interfering ions are 

Table 1. Summary of kinetic data 

Dependence of V, on Concentration range, M 

W+l 4 5 X lo-“-7.9 X lo-” 
W+l” 7:9 x IO-“-2.5 x IO-“’ 
1/W+] 2.5 x lo-‘“5.0 x IO-‘0 

[PPOH]“2 10-5-2.2 x 10-5 
[PPOH]’ 2.2 x 10~5-5.0 x 10-S 

[PPOH]-3’2 5.0 X 10-5-10~4 
[Buffer]3/* 2.0-4.0 
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Table 2. Effect of various ions on the determination of 50 ng/ml of cyanide by the 
tangent method 

Tolerance ratio, 
ion to CN- Ion added 

_____- 
100 SCN-, F-, Cl-, Br-. I-, NO,, CO:-, SOS-, 

S&, SO:-, ClOb, ClO;, BrO;, IO;, IO;, 

S,O;-, PO:-, P,O;-, P,O;,, AsO;, AsO:-, 

Se%, VO;, MOO:-, WO:-, B,O:-, acetate, 

tartrate, citrate, K+, Ca2+ Sr2+ Ba2+ > , > 
Mg’+, Zn*+, Cd*+, A13+, Cr3+, B?+, In3+, 

Sb’+, Tl+, Pb*+, Ti4+, Zr4+ 

75 C,O:-, NO, 

40 CrO:-, S2- 

20 Cu*+, Fe’+ 

10 Ni’+, Fe(CN)i-, Fe(CN)i- 

5 co2+ 

1 Ag+ 

less than 1 Hg2+ 

summarized in Table 2; 45 of the ions tested did not 
affect the determination of cyanide when present in 
lOO-fold ratio to it. Silver interferes when present at 
the same level as cyanide, but mercury(I1) interferes 
at even lower concentrations. Hence, the method is 
highly specific. 

Applications 

The determination of microamounts of cyanide in 
industrial effluents is of interest owing to its toxicity. 
The pyridine-barbituric acid calorimetric method 
recommended” has a detection limit of 4 ng/ml for 
cyanide. To determine cyanide in water samples by 
this method, it is necessary first to separate it from 
interfering substances by distillation of hydrocyanic 
acid from the acidified sample. It is well known,’ and 
has been verified by us, that when the equipment and 
conditions described” for the distillation are used, the 
cyanide is not quantitatively recovered at levels below 
1 pg/ml in the original sample. The reasons for this 

have been investigatedI and it was found that the 
hydrocyanic acid is completely distilled but not to- 
tally absorbed in the collection solution. The dis- 
tillation also takes about 90 min. 

Because of its high selectivity, we have used the 

new method for determination of cyanide in several 
samples without preliminary distillation. Three types 
of sample were investigated. 

Water and air from an electroplating factory. 

Several samples of water and air were analysed by 
both the fluorimetric and the standard calorimetric 
method, with and without distillation. As the true 
cyanide concentration in the samples was unknown, 
the distillation was included, on the assumption that 
the determination could be taken as free of inter- 
ferences if the results obtained with and without 
distillation, agreed. The air sample (90 litres) was 
aspirated at 1.5 l./min through three impingers con- 
nected in series, each containing 10 ml of 0.1 M 
sodium hydroxide; the solutions were mixed for 

Table 3. Determination of cyanide in water and air from an electroolatine factorv 

Cyanide Cyanide, pglml 
(Without preliminary distillation) (With preliminary distillation) 

Fluorimetric Standard - Fluorimetric Standard 
Sample method* method* method* method* 

1 12.5 + 0.4 ng/ml - - 

2 7.2 k 0.4 pg/ml 8.5 k 0.3 pg/ml ‘7.1 + 0.2 7.2 + 0.1 
3 4.1 + 0.3 pgg/ml 5.3 + 0.5 pg/ml 4.2 + 0.2 4.0 * 0.3 
4 2.5 + 0.3 ng/ml 1.3 + 0.6 ng/ml - 
5 0.10 f 0.01 mg/m’ 0.10 * 0.02 mg/m3 - 

*Average and standard deviation of five separate determinations. 
Sample: 
1. Water intake to the baths. 
2. Water from the first washing of the silver-plated pieces. 
3. Water from the second washing of the silver-plated pieces. 
4. Waste-water from a plating factory with zinc-plating, silver-plating and chromium-plating 

baths. 
5. Air from the workroom. 
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Table 4. Determination of cyanide in synthetic plating- 
baths 

Cyanide content, pgglml 

Plating-bath Added* Found? 

1 4.1 1.6+0.1 
2 5.8 5.8 + 0.2 
3 4.4 4.3 f 0.1 
4 4.1 3.9 * 0.2 
5 3.3 3.2kO.l 
6 4.8 5.0 + 0.1 
I 3.3 3.4 kO.1 

*Initial concentration diluted lO,OOO-fold with potable 
water. 

tAverage and standard deviation of four separate deter- 
minations. 

Sample: 
1. 

2. 

3. 

4. 

5. 

6. 

7. 

Brass-plating bath: CuCN (3%), Zn(CN), (0.9%), NaCN 
(4.9%), Na,CO, (1.5%), NH, (0.015%). 
Brass-plating bath: CuCN (2.025%), Zn(CN), (5.0%), 
NaCN (3%), Na,CO, (2.25%). 
Brass-plating bath: CuCN (2.6%), Zn(CN), (1. I%), 
NaCN (4.5%), Na,CO, (1.5%). 
Brass-plating bath: CuCN (3%) Zn(CN), (2.6%), NaCN 
(3.8%), Na,CO, (1.5%). 
Copper-plating bath: CuCN (2.6%) NaCN (3.4%) 
Na,CO, (1.5%), NaKC,H,0,.4H,O (3.6%). 
Cadmium-plating bath: Cd0 (2.6%), NaCN (9%), 
Na,CO, (1.5%). 
Silver-plating bath: AgCN (0.4%), NaCN (6%), Na,CO, 
(0.8%). 

analysis. A cellulose ester filter was inserted in the 
sampling line to retain particulate matter. 

The results obtained are shown in Table 3. No 
cyanide was detectable in the water entering the 
plating bath (sample 1). The value found by the 
standard method without distillation was probably 
due to positive interferences, which were also found 
in samples 2 and 3. The agreement of the values 
obtained for these samples by the fluorimetric 
method with and without distillation shows that this 
preliminary step is not necessary. Owing to the low 

concentration of cyanide in sample 4, no results 
were obtained when distillation was used. The sample 
of air (sample 5) also contained a low amount 
of cyanide and gave the same results by the two 
methods. 

Water from synthetic plating solutions. The results 
obtained with the fluorimetric method for the real 
samples described above agree with those obtained by 
the standard method with prior distillation, but, 
owing to the low concentration of cyanide in some of 
these samples, it was not possible to obtain reliable 
results for all of them by use of distillation. For this 
reason, several synthetic plating solutions were pre- 
pared. I6 To obtain a final cyanide concentration 
similar to that in the waste-water from washing of 
plated pieces, these solutions were diluted lOOOO-fold 
with water. Table 4 shows the values obtained by the 
fluorimetric method without distillation, and the ini- 
tial compositions of the solutions. The accuracy of 
the results proves that preliminary distillation is not 
necessary, at least for this type of sample. 

Other synthetic samples. A series of synthetic sam- 
ples containing several mixtures of ions which usually 
interfere in other methods for cyanide determination 
were prepared, in order to explore the application of 
the fluorimetric method. Cyanide was determined in 
several binary, ternary and quaternary mixtures, and 
the results are summarized in Table 5 and compared 
with those obtained by the calorimetric method. The 
standard calorimetric method gave higher errors than 
the fluorimetric method for all the samples. 

Comparison with other methods 

Comparison of the fluorimetric determination 
reported here with the fluorimetric procedures 
described in the literature ;eads to the following 
considerations. Only three other methods have deter- 
mination limits similar to those in our method. They 
are based on (a) the catalytic action of cyanide on the 

Table 5. Determination of 50 &ml cyanide in synthetic samples 

Sample composition* 
- Relative error, %t 

Fluorimetric method Standard method 

1 CN- 75 NO, f0.5 -69 
1 CN- 40 S2- -1.2 -55 
1 CN- 100 SCN- -0.4 & + 100 
1 CN- 100 Br- +1.0 -74 
1 CN- lOOI- -0.7 - 100 
1 CN- 20 Fe(II1) +0.3 -7 
1 CN- 10 Ni(I1) -0.5 -66 
1 CN- 5 Co(I1) -0.8 -55 
1 CN- 100 Br- 100 I- +I.2 -98 
1 CN- 20Sz- 6OSCN- -0.9 ti+100 
1 CN- 60 NO; 80 SCN- +1.1 B + 100 
1 CN- 5 Ni(I1) 6 Fe(II1) -0.8 -20 
1 CN- 20 Cu(I1) 200 Zn(I1) -1.2 -13 
1 CN- 20 Cu(I1) 100 Cd(I1) +0.6 -12 
1 CN- 2OCu(II) 1 Ag(1) -0.3 -8 
1 CN- 60Br 60SCN- 601- -1.2 +79 
1 CN- 60SCN- 40NO; 20Sz- -0.7 $ + 100 

*Each number means the ion/cyanide concentration ratio. 
‘l-Average of five separate determinations. 
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oxidation of pyridoxal to 4-pyridoxolactone,6 (b) the 
ligand-exchange reaction between cyanide and the 
non-fluorescent complex Cu(II)-leucofluorescein,” 
and (c) quenching of the fluorescence of 2-(o-hy- 
droxyphenol)benzoxazole by copper.‘8 The first of 
these involves two steps in the sample preparation 
and a period of 50 min for the final fluorescence 
development, whereas only 3-7 min reaction mon- 
itoring is needed in our method reported here. Fur- 
thermore, the oxidation of pyridoxal is not specific 
for cyanide, there being numerous interferences.’ The 
second method has a relative standard deviation of 
10% for 5 ng/ml cyanide, and sulphide and strongly 
oxidizing and reducing anions must be absent. At this 
cyanide level our method has a relative standard 
deviation of only 4.4%. No data have been reported 
on the selectivity and precision of the third method. 
This method has also been proposed for the deter- 
mination of sulphide, and therefore this ion must be 
absent. The pyridine-barbituric acid method is also 
not specific, and a preliminary distillation is necessary 
to avoid interference. 
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Summary-The potential-generating process at ion-selective electrodes (ISE) of liquid-membrane types 
has been interpreted by comparing the ISE potential with the current-scan polarogram which indicates 
the transfer of a particular ion iz+ at the aqueous/organic solution (w/o) interface. The potential at zero 
current, AVIaO, in the composite polarogram observed with ‘z+ t in both w and o, corresponds to the ISE 
potential. A stable potential giving Nemstian response to the concentration of i’+ in w is obtained at the 
ISE only when the w/o interface is depolarized by i’+. The detection limits are controlled by the final rise 
and final descent of the residual current in the polarogram. The interference of a second ion, j”, in the 
ISE measurement of i’+, and the role of an ionophore in the membrane of the ISE can be explained by 
considering the shift of AV,=, in the composite polarogram of I- ‘-+ in the presence of j’+ in w or the 
ionophore in o. Equations which express the ISE potential, the interference at the ISE, and the effect of 
an ionophore on the ISE potential have been derived, connected with the polarographic equations for 
ion-transfer at the w/o interface. 

In potentiometry the potential is measured at negli- obtained by simulation from extraction data, with 
gible current-flow, as is well known. This condition, certain assumptions. 
however, does not necessarily mean that electron- In a previous communication,5 we presented 
transfer at the solution/electrode interface is several polarograms obtained by polarography at the 
negligibly small. The equilibrium potential in dropping aqueous-electrolyte electrode (DAEE) com- 
potentiometry is attained when the rate of the anodic bined with the current-scan method6 and explained 
reaction is equivalent to that of the cathodic reac- briefly the potential-generating process at the ISE on 
tion.’ The potential at an ion-selective electrode (ISE) the basis of the polarographic results. 
should also be interpreted in terms of the above- In the present paper, a quantitative interpretation 
mentioned concept, although most of the electrode of the potential-generation process is deduced from 
reaction at the solution/membrane interface of an more detailed experimental results, and the role of the 
ISE is attributed not to electron transfer but to ionophore in the membrane of the ISE is also dis- 
ion-transfer as represented in equation (1): cussed. 

iz,+--“i+ 
h -1, (1) EXPERIMENTAL 

where subscripts wand m indicate the ion i’+ in water Polarographic measurement 

and in the membrane, respectively. The current-scan polarograms were recorded with use of 

Koryta2,3 and Fujinaga4 advocated that the poten- 
a polarographic cell identical with that described pre- 

tial at the ISE, and such important factors in the ISE 
viously.6 The aqueous electrolyte solution (w). containing 
1~ magnesium sulphate as supporting electrolyte, was 

measurement as Nernstian response, detection limit, forced upward dropwise into nitrobenzene solution (nb) 
and interference, must be explained on the basis of containing 0.05M tetrabutylammonium tetraphenylborate 

the voltammetry of the ion-transfer at the (TBA+TPhB-) or 0.02M tetraphenylarsonium dipicryl- 

solution/membrane interface. To realize this idea 
aminate (TPhAs+DPA-) as supporting electrolyte, through 
a Teflon capillary (1.4 mm bore and 3 mm long) at a mean 

Koryta presented various voltamperograms for the flow-rate of m =b.028 ml/set, the time per drodbeing about 
water/organic solution interface, which were 2.1 sec. For the polarographic study, the current, I, applied 

at the w/nb interface was scanned at a rate u of 0.5 yA/sec. 
In order to detect the potential difference, AV, at the w/nb 
interface, a silver-silver chloride electrode (SSE) and a 

*This paper is submitted in celebration of the award of the tetramethylammonium electrode (TMAE) were set in the 
Talanta Gold Medal to Professor Taitiro Fujinaga. aqueous and the nb solutions, respectively, close to the 
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interface. To compensate the ohmic-potential IR drop 2 x 10-5-10-3M. 
caused by the resistance, R, between the SSE and TMAE, 
a resistance R, equivalent to R was put in series into the TMA,+ + TMA,+, (5) 
current-supplying circuit and the voltage, IR,, generated by 
R, was subtracted automatically from AV.6 Curve 2 shows the reversible transfer of TMA+ 

The composition of the TMAE and the cell configuration from nb to w [reaction (6)] and the limiting current is 
for the potential measurement are as follows: 

Tetramethylammonium electrode (TMAE) (nitrobenzene) 

where TMA+ and il+ are the tetramethyldmmonium ion 
and the cation of charge z + under investigation. 

The potential of the TMAE is controlled by the Galvani 
potential difference, A$,+, at the w/nb interface, which can 
be expressed as 

proportional to the concentration of TMA+ in the nb 
solution, over the range from 5 x 10e5 to 10e3M. 

A59 = Q#%,+ + CRT/F) In (Q~~~+.,J%+~+,~J (3) 

where A5&,a+ is the standard Galvani potential for the 
Curve 3 is the composite polarogram obtained 

under the same conditions as curve 1 or 2, but with 
5 x 10e4M TMA+ in both the DAEE and nb. The 
composite polarogram sharply intersects the poten- 
tial axis where the current, I, is zero, suggesting that 
the w/nb interface is depolarized. The zero-current 
potential, A V,= 0, of the composite polarogram 
becomes about 60 mV more negative when the con- 
centration of TMA+ in the DAEE is increased by one 
order in the range between 5 x lo-’ and 5 x lO_‘M 

transfer of TMA+ from w to nb, and a,,,, indicates the 
activity of TMA+. The value of Ar*bR,, was found to be ,.” . . . . 
0.035 V by Koryta et al.,’ by using the standard Gibbs 
energy for the transfer of TMA+, calculated from distribu- 
tion data with the extrathermodynamic assumption of 
Parker’ and Popovych’ that the transfer energies of TPhAs+ 
and of TPhB- across the w/nb interface are equal. 

ISE measurement 

The cell configuration for the measurement of the ISE 
potential is summarized in equation (4): 

SSE / i’+Br; 1 i’+(TPhB 

(aqueous, DAEE) (aqueous) 

TMA,+,+ TMA; (6) 

(satd. KCI) or iz+Cl; 
(aqueous) (aqueous, 

(4) 

inner liquid membrane) test solution) 
solution) 

For comparison of the results obtained by polarography 
with those by ISE measurement, the supporting electrolytes 
used in the polarographic study were also used in the 
aqueous inner and test solutions and the nb membrane 
solution in the ISE cell. 

In order to prepare i?+(TPhB-), or il+(DPA-)z in nb, 
i’+Br; or il+CI; was mixed with Na+TPhB- or Na+DPA- 
in water and the precipitate produced was extracted into nb. 

Sigma Chemical Co. valinomycin was used. All other 
reagents were of reagent grade and all measurements were 
made at 25 f 1”. 

RESULTS 

Current-scan polarograms of various ions at the wlnb 

interface 

In the following, we define the transfer of a cation 
from w to nb or an anion from nb to w as the anodic 
reaction and that of an anion from w to nb or a cation 
from nb to w as the cathodic reaction. 

The polarogram realized in curve 1 of Fig. 1 was 
obtained at the DAEE (containing 5 x 10m4M 
TMA+) transferring drops into an nb solution which 
did not contain TMA+. (For raw polarograms see 
references 5 and 6). The polarogram indicates the 
reversible transfer of TMA+ from w to nb [reaction 
(5)] and the limiting current is proportional to the 
concentration of TMA+ in the DAEE, over the range 

(curves 3-7), and more positive when the concen- 
tration of TMA+ in the nb solution is increased by 
one order in the range between 5 x lo-’ and 
5 x lO_-‘M, (e.g., curves 9 and 10). With more than 
0.5M or less than 10m5M TMA+ in the DAEE the 
composite polarograms overlap the final descent or 
the final rise, respectively, of the residual current 
(curve 11). 

By varying the concentration of TBA+TPhB- and 
changing the supporting electrolyte from 

TBA+TPhB- to TPhAs+DPA-, it was confirmed 
that the anodic final rise and the cathodic final 
descent in polarogram 11 in Fig. 1 were attributable 
to the transfer of TPhB- and TBA+, respectively, 
from nb to w. 

Polarogram 3 in Fig. 1 is reproduced as curve 1 in 
Fig. 2. Polarograms 2 and 3 in Fig. 2, which show the 
transfer of Cs+ and tetraethylammonium ion (TEA*) 
from w to nb solution were recorded under the same 
conditions as those for curve 1 in Fig. 1, but with 
5 x 10m411rl concentration of these ions instead of 
TMA+ in the DAEE. Curves 4 and 5 show composite 
polarograms recorded with the DAEE containing 
5 x 10m4M Cs+ and TEA+, respectively, in addition 
to 5 x 10m4h4 TMA+, and nb solution containing 
5 x 10m4M TMA+. The A V,,,, of the composite 
polarogram of TMA+ is hardly affected by the Cs+ 
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AVIV vs.TMAEl 

Fig. 1. Polarograms for the transfer of TMA+ at the w/n6 
interface. Concentration of TMA+Br in u? (M): (l), (3), 
(9), (lo), 5 x 10-4; (4), 5 x 10-5; (5), 5 x lo-‘; (6), 5 x 10-2; 
(7) 5 x IO-‘; (8), 5; (2), (1 I), 0. Concentration of 
TMA+TPhB- in nb (M): (2)-(8), 5 x 10-4; (9), 1 x 10-I; 
(lo), 5 x 10mJ; (l), (I l), 0. Supporting electrolyte in w: 1M 

MgSO,; in nb: 0.05M TBA+TPhB-. 

TMAE) 

Fig. 2. Polarograms for the transfer of TMA+, Cs+, and 
TEA+ at the w/nb interface. Denolarizer(s) (5 x 10e4M) in 
W: (1) TMA+B;-; (2), (6), Cs+&; (3), (ii kEA+Br-; h, 
TMA+Br- + Cs+Br-; (5) TMA+Br- + TEA+Br-. Depo- 
larizer (5 x 10m4M) in nb: (I), (4), (5), TMA+TPhB-; (6) 
Cs+TPhB-; (7) TEA+TPhB-; (2), (3) none. Supporting 
electrolyte in W: 1M MgSO,; in nb: 0.05M TBA+TPhB-. 

in the DAEE, whereas it is strongly influenced by 

TEA+. 

The effect of supporting electrolyte on the residual 
current 

The final rise or final descent of the residual- 

current polarogram appears at a different potential 
when the kind of supporting electrolytes and their 
concentration in the DAEE or the nb solution are 
changed, as shown in Fig. 3. The anodic final rise 
shifts to more negative potentials as the cations in w 
or the anions in nb are more easily transferred across 
the w/nb interface, and the cathodic final descent 
shifts to more positive potentials as the anions in w 
or the cations in nb are transferred more easily across 
the interface.’ The results in Fig. 3 indicate that the 
widest potential window is achieved in polarography 
with magnesium sulphate or sodium carbonate and 
TPhAs+TPhB- or TPhAs+DPA- as the supporting 
electrolytes in the DAEE and nb solution, 

respectively. The use of TPhAs+TPhB- is, however, 
restricted because of its low solubility in nb. 

Polarograms of K+ and Na + in the absence and 
presence of valinomycin in the nb solution 

The polarograms illustrated in Figs. 4 and 5 are 

obtained with the DAEE containing various concen- 

trations of potassium chloride (Fig. 4) or sodium 
chloride (Fig. 5) and nb solution containing 
2 x lo-‘M K+TPhB- with or without valinomycin 

Fig. 3. Residual current in polarograms with various sup- 
porting electrolytes. Supporting electrolytes (1M) in W: (l), 
LiCl; (2), HCl; (3), NaCl; (4), KCl; (.5), Na,SO,; (6), 
Na,CO,; (7), NaNO,; (8), NaSCN; (9), NaClO,; (lo), (1 I), 
MgSO,. Supporting electrolytes in nb: (IHlO), 0.02M 

TPhAs+DPA-; (ll), 0.05M TBA+TPhB-. 
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6 7 6642 

(a) , I I I 

AVcv vs.TMAE) I I I 
I 

-0.4 ,/---( 

AvcV vs. TMAE) 

Fig. 4. Composite polarograms observed with K+ in w and 
K+ in nb in the absence (a) and presence (b) of 
3.75 x lo-‘M valinomycin in nb. Concentration of KY- 
in w (M): (l), (2), 0; (3), 2 x 10e4; (4), 5 x 10e4; (5), 
2 x lo-‘; (6), 5 x 10-j; (7), 5 x 10m2; (8), 5 x lo-‘. Concen- 
tration of K+TPhB- in nb (M): (I), 0; (2)-(8) 2 x 10-j. 
Supporting electrolyte in w: IM MgSO,; in nb: 0.02M 

TPhAs+DPA-. 

(3.75 x 10m3M). The presence of valinomycin in the 
nb solution facilitates the transfer of K+ and Na+ 
from w to nb. When the concentration of K+ or Na+ 
in the DAEE was larger than that of uncombined 
valinomycin in nb, the anodic limiting current 
controlled by the concentration of uncombined 
valinomycin was observed. The cathodic final descent 
shifted to more positive potential when the concen- 
tration of potassium chloride or sodium chloride in 

the DAEE was > lo-*M. This shift is attributed to 
the transfer of Cl- from w to nb. 

The anodic final rise in the residual polarogram 
obtained with nb solution containing 3.75 x 10-‘&I 
valinomycin and aqueous solution containing no 
potassium or sodium chloride (curve 1 in Fig. 4b or 
5b) shifted by about - 130 mV from that obtained in 
the absence of valinomycin in the nb solution (curve 
1 in Fig. 4a or 5a). This potential shift might be 
attributed to complex formation of valinomycin with 
magnesium.‘0 

(a) 
I 20pA 
t 

AVcv vs.TMAE) 

-0.2 0 

2.5 i 

(b) 

J I 
-0.4 

// 
0.3 

/ 
Al/Iv vs.TMAE) 

I i 
I 
I 4 Z 20pA 

t 

I 
I 

i 
i6 7 
2-4 

Fig. 5. Composite polarograms observed with Na’ in w and 
K+ in nb in the absence (a) and presence (b) of 
3.75 x lO_jM valinomycin in nb. Concentration of Na+Cl 
in w (M): (I), (2), 0; (3), 5 x 10m4; (4). 2 x IO-‘; (5), 
5 x 10s3; (6), 5 x IO-‘; (7), 5 x 10~ ‘. Concentration of 
K+TPhB- in nb (M): (l), 0; (2H7) 2 x 10 ). Supporting 
electrolyte in w: IA4 MgSO,; in nb: 0.02M TPhAs+DPA-. 
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200 / 

I I I I I I I 1 I 
-7 -6 -5 -4 -3 -2 -1 0 1 

log CTMn:,.*, 

Fig. 6. Potential measured at the nb membrane ISE for 
TMA+. Concentration of TMA+TPhB- in the membrane 
(M): (l), 5 x 10-s; (2), (S)-(9), 5 x 10-4; (3), 5 x IO-‘; 
(4), 0. Concentration of TMA+Br- in the inner solution: 
5 x 10-4M. Supporting electrolyte in inner and test solu- 
tions: (l)-(4), n&e; (Sj, (S), (9); 1M MgSO,; (6), 1M HCI; 
(7), 1M NaNO,; in the membrane: (lH7), none; (S), O.OSM 

TBA+TPhB-; (9), 0.02M TPhAs+DPA-. 

The concentration ranges where Al’,=, shifts by 
-60 mV for increase of one order of magnitude in 
the concentration of K+ or Na+ in the DAEE are 
>5 x 10d4M K+ and >5 x 10m2M Na+ in the 
absence of valinomycin, but from 2 x 10e4 to 
2 x 10-2M for K+ and from 5 x 10e3 to 5 x lo-‘M 
for Na+ in the presence of 3.75 x 10m3M valinomycin 
in the nb solution. 

Potentials measured at the liquid-membrane ISE 

The relation between the concentration of TMA+ 
in the test solution and the ISE potential measured at 
the ISE of equation (4) is shown in Fig. 6. Curves 1-3 
were obtained with the ISE cell, in which the nb 
membrane and the inner solution contained various 
concentrations of TMA+TPhB- and 5 x 10d4M 
TMA+Br-, respectively, without any other electro- 
lytes. When the concentration of TMA+ in the 
membrane was 5 x IO-‘M, 5 x 10-4M or 5 x 10-3M, 
the ISE potential was proportional to the logarithm 
of the concentration of TMA+ in the test solution in 
the range from lo-’ to 10d2M, from 10e6 to lo-‘M 
or from 10m5 to IM, respectively. When the ISE was 
used without TMA+ in the membrane, Nernstian 
response could not be obtained, as shown in curve 4. 
Adding such electrolytes as 1 M magnesium sulphate, 
hydrochloric acid or sodium nitrate to the inner and 
to the test solutions or 0.05M TBA+ TPhB- or 0.02M 
TPhAs+DPA- to the membrane, changed the upper 
or lower detection limits as shown in curves 5-9 in 
Fig. 6. 

The ISE measurement of TMA+ at a concentration 
<5 x lo-’ or 5 x IO-‘M is interfered with by 
5 x 10m4M TEA+ or 5 x 10w4M Cs+, respectively, in 
the test solution. 

The relation between the concentration of potas- 
sium chloride in the test solution and the ISE poten- 
tial was investigated by use of the ISE cell with a 
membrane containing 5 x 10e4M K+DPA- (curve 1 
in Fig. 7). The lower detection limit for K+ with this 
ISE cell is 10m3M. The presence of 0.5M sodium 
chloride in the test solution interferes in the ISE 
measurement of less than 0.02M K+. When 
3.75 x lo-‘M valinomycin is added to the mem- 
brane, the lower as well as the upper detection limits 
for K+ are lowered, and it becomes possible to 
determine 5 x 10-4M-5 x 10m2M K+ even in the 
presence of 0.5M sodium chloride. 

DISCUSSION 

Koryta et aI.’ discussed the transfer of ions under 
Faradaic current-flow at the interface of two immis- 
cible electrolyte solutions, by analogy with the 
transfer of metal ions at the solution/metal amalgam 
interface, as deduced by Delahay,” and derived an 
equation which expresses the polarographic wave 
observed at the DAEE for the reversible transfer of 
an ion i’+ from phase CI to phase B. With CI and /3 the 
aqueous and organic phases, respectively, and taking 
our definition of anodic and cathodic reactions into 
account, we obtain equations (7) and (8) for the 
Galvani potential difference at the cr/,!l interface, A@, 
and the average current, Z, due to the transport of iz+ 
to the interface under the polarographic condition. 

I = K,, +.d (a,, +.& - 47,:) 

Fig. 7. Potential measured at nb membrane ISE for K+ with 
and without valinomycin in the membrane. Concentration 
of K+DPA- in the membrane: 5 x 10-4M. Concentration 
of valinomycin in the membrane: (I), (2), 0; (3), (4), 
3.75 x IO-‘M. Concentration of Na+CI- co-existing in the 

test solution: (I), (3), 0; (2), (4), 5 x IO-‘&L 
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where A@: + is the standard Galvani potential 
difference for the ion transfer of i’+ between t( and p, 

K,:+,, and IC,:+,~ are the coefficients of the IlkoviE 
equation, given by equations (9) and (lo), and a;;O 
and a, + are the surface activity and the bulk activity 
of iZ+ in each phase, respectively. 

IC,:.,, = KzFD,!j:,,m2” t’16 (9) 

K~:+,~ = KzFD,!!:,/,m2” t’i6 (10) 

Here, D, +,cI and D, +,B are the diffusion coefficients of 

i’+ in the c( and B phases, K is the IlkoviE constant, 
m is the volume flow-rate of the dropping electrolyte, 
and t is the electrolyte drop-time. The IlkoviE con- 
stant K had been determined by Samec et al.” to be 
3.57, taking Z, a, D, m and t in ampere, mole/ml, 
cm2/sec, ml/set, and set respectively. If i’+ was 
originally present only in CI or fl, the polarogram can 
be described by equation (11) or (12), respectively. 
These equations are derived by using equations 

(7k(lO). 

obtained at the ISE only when the test 

solution/membrane interface is depolarized by the 
analyte ions, as pointed out by Koryta2,’ and 
Fujinaga.4 

Here, it should be stressed that zero current in the 
composite polarogram does not mean that there is no 
charge or mass transfer at the interface, but that the 
rate of transfer by the anodic reaction is equal to that 
by the cathodic reaction. That is to say, 

r,, ,I + + I,, ;; + = 0 (16) 

By using equations (llH16), we obtain equation 
(17), which is similar to equation (7) but contains the 
bulk activities instead of surface activities of i’,’ and 
ii’. 

AV,;=o + const = (A@),=o 

= A;$$ + - (RT/zF) 

X In (a,x+.Ulai:+,B) (17) 

I,,,,. = 4,,,,+/U + (~,.+,,l~,~+,p)“2ex~{-z~(A~~ - &#C+)IRT}l 

I = I,,,:+ (~,~+,,l~i~+,6)“2exp~-~~(A~~ - A@Z+)IRTl 
‘.‘-’ 11 +(D,~+,./D,,+,,,)“2exp{-z~(A~~ -A~4$+)IRT)I 

(II) 

(12) 

where Za,ir + and I,,, + are the average anodic and 

cathodic currents and lad+ + and Icd.,? + are the average 
anodic and cathodic limiting currents, which are 
given by equations (13) and (14): 

lad,,:+ = Ic,?+,, a,+,, (13) 

I cd, 1: + = -l~~,+,~a,+,~ (14) 

The electrical potential difference, AI’, is given by 

A V + const = A@ (15) 

The constant in equation (15) depends only on the 
composition of the solutions of the base electrolyte, 
on liquid-junction potentials, and on the reference 
electrodes, and is independent of the nature of the ion 
j?f. 

Nernstian response at the ISE 

The results gathered in Fig. 6 clearly indicate that 
the ISE displays a stable potential and gives Nern- 
stian response to the concentration of TMA+ in the 
test solution, when the membrane contains TMA+. 

From the polarograms presented in Fig. 1, it is also 
clear that when both the DAEE and the organic 
solution contain the analyte ion and the transfer of 
the ion at the aqueous/organic solution interface is 
very fast, the polarograms sharply intersect the 
potential axis at A V,= o, which is uniquely determined 
by the concentration of the ion in the DAEE or in the 
organic solution. From the ISE and polarographic 
results, we conclude that Nernstian response is 

This equation suggests that A V,= o in the polarogram 

or the ISE potential is controlled not only by the 
activity of i’+ in the DAEE, a,?.,..,,, or in the test 

solution, a,, +,test, but also by that in the organic 
solution, a,> +,_, or in the membrane, a,,.,. In fact, 
A V,= o given in Fig. 1 shifts by about + 60 mV when 
the concentration of TMA+ in the nb solution is 
increased by a factor of 10, so the concentration in 
the DAEE remains constant. In the potential mea- 
sured in the ISE cell of equation (4) the effect of 
a,,.,, is not noticeable because the potential is mea- 
sured as the difference between the potential at the 
inner solution/membrane interface and that at the 
test solution/membrane interface, and the effect can- 
cels out. As mentioned later, however, the shift of the 
detection limit clearly indicates that the absolute 
potential at the individual interface changes, as a 
function of a,,.,. 

Detection limit in the ISE measurement 

The composite polarogram and A V,= o are affected 
by the anodic final rise or cathodic final descent of the 
residual current, when ai2 +, DAEE is sufficiently high or 
sufficiently low. Consequently, the shift of AV,,, 

with a,: +,DAEE is small in these concentration ranges. 
From comparison of the shift of AVIZO in Fig. 1 with 
curve 8 in Fig. 6, it is clear that the dynamic 
concentration range detectable at the ISE is restricted 
by the same process as that which controls the shift 

of AV,,,. 
The kind of supporting electrolytes and their con- 

centration in the DAEE or in the organic solution 
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influence the final rise or the final descent in the 
polarogram. Hence, the detection limit at the ISE is 
affected by other salts present, as shown in Fig. 6. 

The detection limit at the ISE is also controlled by 
u~+,~ as indicated in Fig. 6, curves (l)-(3), because 

AV,=, shifts towards more (or less) positive values 
and comes near to the anodic final rise (or the 
cathodic final descent) in the residual current with 
increase in the concentration of the analyte cation (or 
anion) in the organic solution (Fig. 1). 

Interference in the ZSE measurement 

The polarogram for the transfer ofj2+ from the a 
to the j3 phase is expressed by equation (I@, similarly 
to equation (11) for i’+ 

Za,j: + = Zad,jz +/[ 1 + (oi; +,,/Djz +,&I”* 

x exp{ - zF(A@ - Ai4;+)IRT}l (18) 

The interference fromi’+ in the ISE measurement 
of i’+ can be explained by considering the effect ofi’+ 
in the DAEE on A V,= o in the composite polarogram 
for i’+. The zero-current potential of the composite 
polarogram recorded in the presence of both iz+ and 
‘z+ J in the DAEE and i’+ in the organic solution is 
obtained when 

la,++ fza,,Z+ +zc,t?+ =O (19) 

From equations (1 l), (12), (18) and (19), we obtain 

AV,=, + const = A@:+ - (RT/zF) 

x ln[{-B +(B2-4AC)“2}/2A] (20) 

where 

A = (Dir+,./Dc+,s)‘/2(Dj:+,./Dj:+,B)”2DI~:.g’,+,B (21) 

B = (Di:+,pl/Dil+,8)“2(D~~:,Bai:+,B - D,!/Z,,,Uj:+,J 

x exp { - zF(A@$ + - A@ F +)/RT} (22) 

- (Dj:+,./Dj:+,8)“2D~Z,olai~+,It 

C = - (D;/:,,Ui:+,a + Dj/:,,Ujz+,o1) 

x exp{ - zF(A@,!+ - A@! +)/RT} (23) 

The difference, A(A V,, ,,), between equations (17) and 
(20) corresponds to the interference ofjz+ in the ISE 
measurement of P, and is given by 

A(AV,,& = (RT/zF) In [(u,~+,~/Q+,.) 

x {-B + (B2 - 4~K)“~}/2,4] (24) 

The effect of Cs+ and TEA+ in the test solution on 
the ISE potential of 5 x 10m4M TMA+ at the ISE 

-7 -6 -5 -4 -3 -2 -1 0 

log Gd,, cf 

Fig. 8. Effect of Cs+ or TEA+ on the ISE potential of 
5 x 10m4M TMA+. -, -.-, ---; calculated, 0, 0; 
experimental. Foreign ion in the test solution: (l), Cs+; 
(2)-(4), TEA+. Concentration of TMA+ in the membrane 
(~44); (I), (3), 5 x 10m4; (2), 5 X lo-‘; (4), 5 x lo-‘. Con- 
stants used for the calculation: diffusion coefficients (10e6 

m2/sec): %,At.w 6.4; D,,,,, 3.3; Dcs+.v 7.7; Dcr+.& 2.4; 
D TEA+,~ 5.1; D,,,+~, 2.8. Standard Galvani potential 

w difference (V us. TMAE); A,+&,,,,+ 
A;&!&+ -0.105. 

0; A,“6&+ + 0.107; 

(the nb membrane of which contains 5 x 10e4M 
TMA+) are calculated according to equation (24) and 
illustrated as curves l-4 in Fig. 8. In this calculation 
the diffusion coefficients of the ions in w and nb were 
estimated from the average limiting currents in the 
polarograms illustrated in Fig. 2, by use of equations 
(9), (lo), (13) and (14), and the A@’ values were 
determined from A VI= o in the same polarograms and 
equation (17) assuming that the constant is negligible 
and the activity coefficient is unity. These values are 
given in Fig. 8. The experimental results obtained 
with the ISE cell of equation (4) are also plotted in 
Fig. 8. The accordance of the experimental with the 
calculated results in Fig. 8, especially in the lower 
concentration ranges, suggests that the interference 
should be estimated on the basis of equation (24). 
The deviation between the experimental and calcu- 
lated values at higher concentrations of TEA+ is 
attributable to the final descent in the residual current 
restricting the shift of A Vlco in the composite polar- 
ogram for TMA: P TMA,$, with TEA,+ -+ TEA,& 

From equation (24) it is obvious that the concen- 
tration of i’+ in the membrane is an important factor 
governing the magnitude of the interference. 

With the aid of the conceptual polarograms in 
Fig. 9, the influence of the foreign ion,j’+, on the ISE 
potential of i’+, expressed by equation (24), can be 
intuitively understood. Curves l-4 in Figs. 9a and 9b 
show polarograms for the transfer ofj’+ in various 
concentrations from the aqueous (a) to the organic 
solution (p), j:‘- j;+. Curve 5 is the composite 
polarogram of P+, ii+ * ii’, and curves 1’4 are 
those in the presence of y+ in the aqueous phase, 
ii+ # ii+ with j:+ + ji’. Roughly speaking, the 
degree of interference ofj’+ with the ISE potential of 
i’+ can be classified into two categories 

(i) Aid:+ <A@:+, Fig. 9a. 
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When a,+., is small enough to give a smaller limiting AV,=, in the composite polarogram for the ion 
current, &jr +, than that of iz+ in p, &:+, the transfer, 
deviation between AVIZO in the presence of j’+, 

AV,l=~(i,+,~+,,,t and that in the absence of j’+, (ii+ + ii+) + (j:’ --f j;l+), 

A V, = ocr. + iA ) 3 is small. At an a,..,,, at which Zad,jZ+ is 
equal to 1,. iZ + , A V, = o jumps from around A V, = 0(,, + ip, in the presence of Y in /3, can be expressed by 
to around AV,=ocig+,.l (Fig. 9a). Here AV,~o~lg+j~~ is equations (3 1 k(34), employing 
A V,= o in the composite polarogram formed from the 
cathodic polarogram for ii+ + ii’ and the anodic I,$+ + za,jZ+ = 0. 
polarogram for j;+ + ji+ when lad,,: + is slightly larger 
than Zcd,)’ +. At higher a,: +.l, AV,‘,=, shifts from Here, la.,:+ is given by equation (28) modified by 

A VI = o(r,i + ,.) in almost Nernstian response to change in substituting j’+ for i’+. 
ai: +.#. 

(ii) A@~, > A@:+, Fig. 9b. 
AV,=o + const = %bz+ - (RT/zF) 

x ln[{ -L + (L2 - 4MN)“2}/2M] (31) 
The interference of jZ+ is small and A V,=, shifts 
monotonically with ai,+,,. When a,:,,, is large where 
enough, Al/,,, shifts in almost Nernstian response to 
change in a,..,.,. L = ai: +.tatd,p (fGt,,z+ -y 4.a)m' D:$+,,, 

The role of the ionophore in the ISE membrane 

In the presence of the ionophore Y in fl, ii+ 
’ ("il+,,lo,Y~+,lr)"2(D/2+,cIID,Y~+,p)"2 

complexes with Y: 

(25) 

The stability constant, K,,,,, + _ y, is 

KS,,: + y = aiy;+, ,&: +J a$.,, (26) 

When K,,, + + _ y is sufficiently large, a,, +,u is expressed 
as equation (27), using total activity of i’+ and iYj+, 

a, +.lolJ.NI 

ati +.a = a,, +.to,~.&L~ + y 4 ~1 (27) 

Taking equations (7) and (27) into account, we obtain 
equations (28) and (29) for polarograms which show 
the transfer of ii+ from a to p and from fi to Q, 

(32) 

K,,, + _ u,) but also that the lower and upper detection 
limits are changed, depending on K,,,,,, _y. Consid- 

N = _ D”2 ,:+,~Qj:+.~exP(-zF(~~~,O:+ 

- A@: +)IRT} (34) 

From AV,/,=, in the polarogram shown in Fig. 4a 
and equation (17), Ahtii+ is found to be +0.162 V 
vs. TMAE, and from equation (30) and A V,= o in Fig. 

respectively, in the presence of Y in p. 

(28) 

(29) 

In these equations we assume that iz+ diffuses from 
the bulk of the p phase to the interface as iY$‘, with 
diffusion coefficient D,6+,8, when KS,,,.- + _y is 
sufficiently large, and that formation of complexes of 
ii+ in the c( phase is negligible. AV,=o in the com- 
posite polarogram recorded in the presence of i’+ in 
both o! and p, and of Y in fi, occurs when 
ra$+ + I,,,?+ = 0: 

AV,=,+ const = A@:+ - (RT/zF) 

x ln (ar7+.u/ap+.totabfi) 

- (RTlzF)ln (K,,, + -y a%.,) (30) 

4b, Kst,K+_va, is calculated to be 2.8 x 109. Substituting 

A:&+, J&K+-va~r and AV,=o in the composite wave 
given as curve (7) in Fig. Sa, into equation (20) and 
taking a,? +,. as zero, Anwh4&,+ is found to be f0.290 
V us. TAME. From equations (31)-(34), Ks,,Na+_val is 
calculated to be 3.4 x 106. Here, we assumed the 
diffusion coefficients of Na+ and Na+-val to be 
identical to those of K+ and K+-val, respectively, as 
the solubility of Na+ in nb is so low that it is difficult 
to get these values from the polarograms of Na+. 
Reported values’0,‘3 for log Ks,,K+mva, are 6.82 in 
acetonitrile medium, 3.7-6.3 in ethanol, and 3.94.9 
in methanol. Because a larger value for Kr,,K+_val in nb 
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(a) 

that AL’,=, in the composite polarogram for K+ shifts 
by about -0.42 V in the presence of 3.15 x lo-‘M 
valinomycin in nb, the detection limits are expected to 
be lowered by about seven orders of magnitude. In 
the presence of valinomycin, however, the lower 
detection limit is improved by only two orders of 
magnitude in the ISE measurement under the condi- 
tions of Fig. 7. This may be due to the negative shift 
of the anodic final rise in the residual current in the 
presence of valinomycin in nb. 

As discussed above, it is possible to find a logical 
explanation for various essential points which have 
been empirically recognized in potentiometric ISE 
measurement, if we take the voltammetric 
current-potential relations into account. 

In conclusion, although no experimental results are 
presented, we consider that the following may also be 
explained from the voltammetric viewpoint. (i) The 
diffusion current in the polarogram grows when the 
solution is stirred, resulting in a shift of A V,= ,, in the 
composite polarogram and hence in the potential at 
the ISE. (ii) The super-Nernstian response in the ISE 
measurement may be attributed to irreversible ion 
transfer at the solution/membrane interface. 
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Summary-The use of aqueous/organic emulsions is shown to give advantages in the AAS determination 
of Cu and Fe extracted as their pyrrolidinedithiocarbamate complexes into methyl isobutyl ketone. The 
emulsions are more stable than the extracts, and the standards can be prepared from aqueous solutions 
by emulsification, but without extraction. 

In the last few years we have studied the application 
of the emulsion-formation technique to analysis for 
various metals in lipo-soluble matrices by atomic- 
absorption spectrometry, and by flame,* inductively 
coupled plasma3 and d.c. plasma4 emission photom- 
etry, with use of conventional aqueous solutions as 
standards. We have concluded that for emulsions to 
be employed successfully, the following requirements 
must be met. 

(1) The emulsions must be stable during the period 
of analysis. 

(2) The emulsions must be physically suitable for 
introduction into the atomization system. 

(3) Atomization of the samples and standards must 
match for identical concentrations of the analyte. 

The first two conditions affect the method of 
preparing the emulsions, and for a particular matrix 
require selection of the surfactant, the proportions of 
the phases and the preparation procedure. The third 
condition depends essentially on the nature of the 
analyte compounds present in the matrix. 

For example, in the determination of lead and 
manganese in gasolines’,5 the tetra-alkyl lead com- 
pounds and the tricarbonylmethylcyclopentadienyl- 
manganese must be previously mineralized with 
iodine or bromine to enable an emulsified aqueous 
solution to be used in the preparation of the stan- 
dards, whereas in the determination of metallic addi- 
tives in lubricating oils6 aqueous standards can be 
used directly for the analysis of oil samples emulsified 
with water. 

However, owing to the complexity of the samples, 
clear conclusions about the behaviour of the emul- 
sions cannot be deduced, so simple systems such as 
organic solutions of metallic complexes have been 
used for fundamental studies. Thus Berenguer et al.’ 
used oil-in-water (o/w) emulsions in the flame AAS 

determination of copper and iron oxinates extracted 
into benzene and ethyl acetate. Later, we studied the 
use of o/w emulsions in the determination of alumi- 
nium by flame emission spectrometry of aluminium 
oxinate extracted into methyl isobutyl ketone 
(MIBK),’ and also the use of different types of 
emulsified standards for the determination of mag- 
nesium oxinate in MIBK.’ 

In the present work, we examined the use of o/w 

and w/o (water in oil) emulsions for determination of 
Cu and Fe, extracted as their APDC complexes into 
MIBK, and compared the results with those obtained 
by use of direct aspiration of the organic extracts and 
of aqueous solutions, with respect to sensitivity and 
stability. 

EXPERIMENTAL 

Atomic-absorption measurements were made with a 
double-beam Perkin-Elmer Model 460 atomic-absorption 
spectrophotometer equipped with a single-slot burner for 
use with air/acetylene flame. The following operating 
parameters were employed: 

Wavelength, nm 
Band-pass, nm 
Lamp current, mA 

cu Fe 
324.8 248.3 

0.7 0.2 
15 30 

Reagents 

Slandard IOOO-ppm solutions of Cu and Fe. 
Ammonium pyrroh’dinedithiocarbamate (APDC). A freshly 

prepared 1% aqueous solution was purified by extraction 
with MIBK. 

Nemo1 K 38. Nonyl phenol polyethylene glycol ether with 
8 ethylene oxide units (Mass0 y Carol). 

Tergitol XD. (Union Carbide), 1% aqueous solution. 
Emulsogen LBH (Hoechsi). 

Procedure 

APDC solution (lx, 1 ml) was added to 50 ml of an 
aqueous solution of a metal ion and the pH was adjusted to 
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Table 1. Extraction conditions 

pH for Maximum 
Shaking time, quantitative pH for optimum concentration, 

Element min extraction absorbance ppm 

CU 2 O-10 2FP 20 
Fe 3 l-8 5-6 >50 

*Except at pH = 8. 

a suitable value. The solution was transferred to a sepa- 
ratory funnel and shaken for a suitable time with 20 ml of 
MIBK (accurately measured). The two phases were then 
allowed to separate. 

For preparation of the o/w emulsions, 10 ml of the 
organic extract were emulsified with 0.25 g of Nemo1 K 38 
and 25 ml of a 1% aqueous solution of Tergitol XD, and 
enough distilled water to bring the total volume to 100 ml. 

The w/o emulsions were prepared with 10 ml of the 
organic phase, 2.5 ml of distilled water and 3 ml of 
Emulsogen LBH, and enough MIBK to make the volume 
25 ml. 

Samples prepared in this manner were introduced into an 
air/acetylene flame and analysed under the optimum instru- 
mental conditions. MIBK-in-water and water-in-MIBK 
emulsions were employed as standards. They were prepared 
in the same way, but the metal ion was introduced in the 
aqueous phase. 

RESULTS AND DISCUSSION 

Extraction conditions 

Solvent extraction with APDC in MIBK is the 
most frequently employed system for determination 
of Cu and Fe by liquid-liquid extraction and atomic- 
absorption spectrometry.9-‘4 The optimum extraction 
conditions were described in a previous paper,15 and 
are summarized in Table 1. 

Instrumental conditions 

For each of the four different types of standard 
used, the flame profiles and instrumental conditions 
which give the best sensitivity were determined. From 
the data in Table 2 it can be seen that the presence 

of the organic phase changes the flame profiles, and 
the optimum gas flows and heights of observation in 
the flame are modified accordingly. 

However, there are some differences between the 
behaviour of the two elements. For iron, the opti- 
mum flow ratio (air to acetylene) is 4.1 for aqueous 
solutions and o/w emulsions, 8.3 for organic extracts 
and 5.3 for w/o emulsions; that is, the gas mixture is 
made richer in air as more organic solvent is intro- 
duced. 

For copper, a different behaviour can be observed, 
the optimum gas ratio being the same for the aqueous 
standards and w/o emulsions, but lower for the o/w 
emulsions and again highest for the organic extracts. 

For both elements the aspiration rate of the or- 
ganic extracts was lower than that for the aqueous 
standards and greater than that for the o/w and w/o 
emulsions, so the apparently irregular behaviour of 
copper (with respect to flame composition) is not due 
to the rheological features of the emulsions (which 
were the same as those used for iron) but to the 
temperature and atomization conditions. 

There are also very marked differences in the 
optimum positions of observation in the flame (i.e., 
height above burner top) though the pattern is the 
same for the two elements. 

Comparison between emukjied standards and 

emuls$ed extructs 

One of the principal advantages of the use of 
emulsions in the AAS determination of metallic 

Table 2. Optimum AAS instrumental parameters for maximum sensitivity 

Samples 

Element 
Flame 

parameter aqueous extracts 
emulsions 

olw 

emulsions 

w/o 

cu air flow, I./min 
acetylene 
flow l.lmin 
height above 
burner top, mm 
aspiration 
rate, mljmin 

Fe air flow, I.lmin 
acetylene 
flow, l./min 
height above 
burner top, mm 
aspiration 
rate*, mllmin 

17.5 29.5 13.4 17.5 

3.3 3.3 3.3 3.3 

20 17.5 

6.8 6.5 

13.4 27.5 

3.3 3.3 

17.5 12.5 

6.8 6.5 

20 

5 

13.4 

3.3 

17.5 

5 3.8 

10 

3.8 

17.5 

3.3 

7.5 

*The aspiration rates have not been optimized, but were measured for identical 
nebulizer positions and are used in a comparative manner. 
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0200 

P 

0 100 

Fig. 1. Absorbance values for aqueous emulsified standards (0) and emulsified extracts (+) plotted us. 
metal concentration: A, o/w emulsions Cu, 1/1 = 0.08; B, w/o emulsions Cu, $ = 0.08; C, O/W emulsions 

Fe, tj = 0.17; D, w/o emulsions Fe, IJ = 0.05. 

elements in organic matrices is that aqueous solutions 
can be used for preparation of the standards. 

To test whether aqueous copper and iron solutions 
emulsified with MIBK can be used as standards for 
the determination of these elements in extracts of 
their complexes with APDC in MIBK, calibration 
graphs were prepared from emulsified aqueous solu- 
tions and from aliquots of emulsified extracts. The 
results are shown in Fig. 1. 

The agreement between the two sets of results was 
evaluated by means of Exner’s parameterI and found 
to be good to very good for all cases, except the iron 
o/w emulsions for which it was only fairly good. 

The slightly greater absorbance obtained for the 
emulsified organic extracts may be due to the solu- 
bility of MIBK in water, although both phases were 
pre-equilibrated.” 

Comparison of the dIrerent types of standards 

Figures 2 and 3 show the calibration graphs 
obtained with each of the four types of standards 

under optimum instrumental conditions. It can be 
noted that the introduction of an organic phase, 
alone or emulsified, produces a strong increase in the 
sensitivity. Although the use of organic extracts and 
emulsions decreases the feed-rate into the flame, this 
effect is largely offset by the contribution of the 
MIBK combustion to the flame temperature. 

We have found that in some cases the use of an 
aspiration rate different from that usually used for 
aqueous solutions can make the sensitivity for 
emulsified samples and standards higher than that for 
direct introduction of organic extracts, but difficulty 
in reproducing the nebulizer position makes these 
results less easily reproducible. For that reason the 
results given here were all obtained at the aspiration 
rate usually used for aqueous solutions. 

The important features of the calibration graphs 
are summarized and compared in Tables 3 and 4. An 
important aspect to be considered is the stability of 
the extracts, since this is one of the disadvantages that 
can appear in analysis by liquid-liquid extraction and 
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1 2 3 4 5 

CuIppm) 

Fig. 2. Calibration curves for the different Cu standards: 0 
extracts; l w/o emulsions; n o/w emulsions; + aqueous. 

AAS. For iron, whereas the extracts are only stable 
for 2 hr, the o/w and w/o emulsions are stable for 1 
day and 3 weeks respectively. 

For copper, however, there is less advantage, since 
the extracts are stable for 5 days, and o/w and w/o 
emulsions for 1 day and 8 days respectively. 

Conclusions 

Conversion of MIBK extracts of the APDC com- 

1 2 3 4 5 

Fe lppm) 

Fig. 3. Calibration curves for the different Fe standards: l 
w/o emulsions; 0 extracts; n o/w emulsions; + aqueous. 

plexes of iron and copper into aqueous/organic emul- 
sions allows direct preparation of standards from 
aqueous solutions of the elements, but the solubility 
of MIBK in the aqueous phase may lead to system- 
atic error unless the entire organic extract is con- 
verted into an emulsion. For iron, the emulsified 
extracts are appreciably more stable than the more 
commonly used simple organic extracts. The flame 
conditions should be optimized for the particular 
emulsion used. 

Table 3. Comparison of cropper standards 

emulsions emulsions 
aqueous extracts o/w wlo 

Sensitivity* 0.065 0.174 0.098 0.154 
Relative sensitivitvt 1 2.7 1.5 2.4 
Detection limit, . 
PPm w = 3) 

0.01 0.03 0.03 0.02 

Applicability 

range, ppm 
Stability 

0.01-5 0.03-5 0.03-2 0.02-5 

5 days 1 day 8 days 

*Sensitivity is determined from the slope of the regression line 
TRelative sensitivity 

Slope of the calibration line for the standard 

= Slope of the calibration line for aqueous standards 

Table 4. Comparison of iron standards 

emulsions 
aqueous extracts olw 

emulsions 

w/o 

Sensitivity* 
Relative sensitivity? 
Detection limit, 

PP” (K = 3) 
Applicability 

range, ppm 
Stability 

0.045 0.084 
1 1.9 

0.04 0.05 

0.045 0.05-5 

- 2 hr 

0.074 0.097 
1.6 2.2 

0.03 0.02 

0.03-5 0.02-3 

1 day 3 weeks 

*See footnotes to Table 3. 
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Summary---The distribution ratio of uranium(VI) with 2-thenoyltrifluoroacetone, 2-furoyltrifluoroacetone 
and benzoyltrifluoroacetone in the presence and absence of tributyl phosphate between micellar and bulk 
phases in nona(oxyethylene) dodecyl ether solution was measured spectrophotometrically as a function 
of hydrogen-ion concentration. The thermodynamic constants for these reactions were evaluated from the 
variation of the equilibrium constants as a function of temperature. The entropy change contributes to 
the synergistic reaction. 

It has been shown that uranium(V1)’ and europium,2J 
terbium3 and samarium2x3 can be determined spec- 
trophotometrically and spectrophotofluorimetrically, 
respectively, with 2-thenoyltrifluoroacetone (TTA) 
and trioctylphosphine oxide in micellar solutions of 
a non-ionic surfactant. The synergistic partition of 
metal ions with B-diketones and a neutral donor 
between organic and aqueous phases has been widely 
studied. Several investigators have estimated the ther- 
modynamic constants for the purpose of explaining 
the mechanism of synergistic solvent extraction of 
uranium4 and europium’ with TTA and a neutral 
donor. However, the corresponding partition equi- 
libria between micellar and bulk phases have been 
scarcely studied, because the estimation of the species 
in these phases is not always easy. In the present 

paper, the distribution ratios (D) for uranium(V1) 
with TTA, 2-furoyltrifluoroacetone (FTA) and 
benzoyltrifluoroacetone (BFA) in the presence and 
absence of TBP, between micellar and bulk phases in 
nona(oxyethylene) dodecyl ether (BL-9EX) solution 
have been determined as a function of hydrogen-ion 
concentration, assuming that the absorbance of the 
metal chelate corresponds to the concentration of 
metal ion in the micellar phase. The equilibrium 
constants for those chelates are evaluated from the 
slopes of plots of log D us. log [H+]. Thermodynamic 
constants are calculated from the relationship be- 
tween the equilibrium constants and temperature. 

EXPERIMENTAL 

Materials 

TTA, FTA and BFA were obtained from Dojin Chemical 
Co., TBP and uranium acetate from Wako Chemical Co. 
and BL-9EX from Nikko Chemical Co. The solution of 
uranium acetate was standardized by titration with EDTA 
(Xylenol Orange as indicator). All chemicals used were of 
analytical-reagent grade. 

Stock solutions 

The concentrations in the mixed stock solution 
(pH 5%6.0) used were 4 x 10m3M TTA, FTA or BFA, 
4 x 10-5M uranyl acetate, O.OlM acetic acid, 0.2M sodium 
chloride and 1% w/v BL-9EX. The concentration of TBP 
was 4 x IO-‘M. 

Procedure 

Ten ml of the mixed stock solution were placed in a 
beaker, adjusted to approximately the desired pH value with 
dilute hydrochloric acid, transferred to a 20-ml standard 
flask and made up to volume with water. The solution was 
poured into a 25-ml stoppered flask and the flask was 
shaken mechanically in a thermostat for at least 3 hr. The 
absorbance was measured at 385,375 and 377 nm for TTA, 
FTA and BFA, respectively, both in the absence and 
presence of TBP. A reagent blank was used as reference 
solution. 

RESULTS AND DISCUSSION 

Figure 1 shows the absorption spectra of the 
UO: +-TTA and UO: +-TTA-TBP systems in the 
BL-9EX micellar solution. The absorption maxima 
are at 385 nm. A similar pattern was found at 375 nm 
for the FTA and FTA-TBP systems and at 377 nm 
for the BFA and BFA-TBP systems. 

Figures 2 and 3 show the relationship between the 
absorbance at 385 nm and pH in the UO: +-TTA and 
UOZ + -TTA-TBP systems, at different temperatures. 
It is seen that the absorbances are constant and 
maximal at pH > 4.0 for the TTA system and > 3.0 
for the TTA-TBP system at all the temperatures 
tested. For the other systems, which behaved simi- 

larly, the critical pH values were 4.2 (FTA), 3.3 
(FTA-TBP), 3.5 (BFA) and 2.8 (BFA-TBP). 

In a previous paper,6 it was shown by a spec- 
trophotometric method that most of the TTA exists 

outside the micelles, i.e., in the bulk phase. On the 
other hand, most of the /?-diketone chelates and TBP 
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(I I) reagent blank 
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PH 

Fig. 3. Relationship between absorbance and pH for the 
UO:+-TTA-TBP system at various temperatures. Concen- 

trations as for Fig. 1. 

Wavelength (nm) 

Fig. 1. Absorption spectra of UO,(TTA), and 
UO,(TTA),TBP chelates in micellar solution. 
UO:+ 2 x 10-5&f, TTA 2 x 10-r&f, TBP 2 x lo-)M and 
BL-9EX 0.5%. (i) UO,(TTA), chelate, pH 4.16 and (ii) 
reagent blank; (iii) UO,(TTA)zTBP chelate, pH 4.06 and 

(iv) reagent blank. 

seem to exist in the micellar phase, because the species 
are scarcely dissolved in an aqueous solution if 
the surfactant is not added. Also, the uranium 
chelates with /I-diketones (HA) are known to be 

UQ(A),(H,O),,4.’ and U0,(A),TBP.4,7,8 For simpli- 
city, the question of hydration of the chelate will be 
ignored for the moment, but discussed later. Then the 
chelate UO,(A), is presumed to be formed by the 
reaction 

UO:;, + 2HA&UQ(A),~,, + 2H;, (1) 

the subscripts (b) and (m) referring to the mutually 
equilibrated bulk and micellar phases, respectively, 
and the equilibrium constant is defined by 

(2) 

Equation (2) can be expressed as 

log D, + 21og [H+lc,,, - 210g [HA],,, - log k, = 0 (3) 

05- 

0.4 - 

: 
x 0.3- 

b 
; 
a 

0.2 - 

l OlW-O.- where 

o 274’C 

0 25.3’C 

b 21.6*c 

. 175-c 

l 13.7ac 

Equation (11) for the reaction in equation (10) is 
derived from equations (2) and (7): 

UO,(A),c,, + TBP,,,=UO,@),TBP,,, (10) 

cl 28 1 ‘C 

o 24 5’C 

D 22.0T 

where 

(4) 

When equation (3) is differentiated with respect to 
log [H +lCbj at constant HA concentration, 

d log D, =- 
d log [H + l(b) 

2 (5) 

is obtained; here, the concentration of HA can be 
assumed to be constant if there is a large excess of 
reagent relative to metal ion. The ionic strength is 
held constant at about 0.1. Similarly, the equilibrium 
for the adduct reaction is 

UO:& + 2HA@, + TBP,,,, -UO,(AhTBP,, + 2H,& (6) 

for which 

and 

d log D, 

dlog[H+lcb,= -2 (8) 

D 

2 
= FJWAhTBPlm, 

w: + I@, 
(9) 

KJO,(A),TBPlcrn, _ k2 

’ = WWWm, lTBPl,m, - k, 
(11) 

I I I I I I 
20 25 3.0 35 4.0 4.5 50 

PH 

Fig. 2. Relationship between absorbance and pH for the 
UO:+-TTA system at various temperatures. Concen- 
trations as for Fig. 1, UOz+ 2 x 10m5M, TTA 2 x 10e3M 

and BL-9EX 0.5%. 

The following assumptions can be introduced from 
the results shown in Figs. 2 and 3: (i) the concen- 
tration of uranium(VI) in the micellar phase is lin- 
early proportional to the absorbance, and (ii) almost 
all the uranium species exist in the micellar phase, in 
the pH range for which the absorbance is constant 
and maximal. Thus. the values of D, and D, were 



I.' 

a’ 

0 

0 26.1 *c 

o 24 5T 
calculated by using the spectrophotometric data de- 

A 2O.O’C scribed above. 
I 17.4-c Figure 4 shows that the slopes of the graphs of 
l 1374C log D, us. log [H +lct,) and log D2 vs. log [H +lcbj for the 

UOZ + -TTA and UO: + -TTA-TBP systems, re- 
spectively, are almost linear (about -2), irrespective 
of the temperatures used. Similar results are obtained 
in the other systems. The values of log k, and log kz 
can be estimated by using equations (2) and (7), 
respectively, and the values of logp by using 
equation (11). The values at 25” are given in Table 1. 

It is seen that logk, and logk, decrease in 
the orders U02(BFA)* > U0,(TTA)2 > U02(FTAh 
and U0,(BFA)2TBP > UOI(TTA),TBP > U02(FTAh 

I 

Hydrogen ion concentration lo-’ ’ 
Fig. 4. Variation of distribution ratio in the UOz+-TTA Akiba et aL9 measured the values of log/I in 

and UO]+-TTA-TBP systems as a function of hydrogen- various organic solvents for the UO$+-TTA-TBP 

ion concentration at various temperatures. Concentrations system by the solvent-extraction method. The values 
as for Fig. 1. ranged from 4.42 for methylene chloride to 6.81 for 

o 27.7’C 

LI 25.3’C 

A 21.6Y 

Uranium (VI) chelate formation with j-diketones 807 

TBP, respectively. The synergistic effect of TBP 
adduct formation is obvious for all the systems. 

Table 1. Thermodynamic values for UO,(A), and UO,(A),TBP 
chelate formation 

l-l-A 
FTA 
BFA 

logk, 

0.29 
- 0.46 

1.08 
lo8 k, 

AG, 
kJ/mole 

- 1.66 
2.63 

-6.16 

AH, 
kJ/mole 

53.9 
51.3 
67.5 

AX 
J.mole~‘.K~’ 

186 
165 
247 

TTA 6.83 - 39.0 64.1 348 
PTA 5.86 - 33.6 78.7 376 
BFA 1.17 - 44.4 68.8 379 

lo.8 B 
TTA 6.54 - 37.3 10.8 161 
FTA 6.32 - 36.1 27.4 211 
BFA 6.69 - 38.2 1.3 133 

-0.91 
3.3 3.4 3.5 

l/T xlo-3 

Fig. 5. Variation of log k, with temperature. Concentrations as for Fig. 1 and [BFA] = [FTA] = [TTA]. 
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cyclohexane, corresponding to the solubility of water 
in the solvents. The value of 6.54 for the micellar 
system is about the same as that of 6.47 for the 
n-heptane system. This perhaps gives a clue to the 
state of the micellar microenvironment in which the 
adduct chelates exist. 

Figure 5 shows the variation of logk, with recip- 
rocal of the absolute temperature for the simple 
systems, and the enthalpy changes AH were calcu- 
lated from them by using the van? Hoff equation. 
The corresponding entropy changes were also evalu- 
ated. The values of AH for the UOi+-TTA, 
UO$+-FTA and UO$+-BFA systems are 53.9, 51.3 
and 67.5 kJ/mole, respectively. Endothermic reac- 
tions are common for chelate formation in which the 
hydration sheath of the metal ion is replaced by the 
chelating reagent. The values of AS are positive and 
large. It is thought that the reason for this is release 
of the water molecules from the HTTA H,O and 
UOz.yH,O species when the reagent reacts with 
uranyl ion according to equation (1) since the HTTA 
species that is dominant in the micellar system exists 
as the keto-hydrate in the bulk phase. 

AH and AS for all the synergistic reactions are both 
positive, and AS is especially large. The large AS 
could be explained as due to release of water mole- 
cules from both the hydrated chelate UO,(A),(H,O), 
and the TBP.H,O dominant species that is in the 
micellar system, when the TBP adduct is formed. 
However, Subramanian et ~1.~ reported that the 
values of AH and AS were -21.8 kJ/mole and 

TAKETATSU 

-34J.molee’.K-‘, respectively, for the UO:+- 
TTA-TBP system with benzene as solvent. Choppin” 
has stated that these negative values would imply no 
replacement of water molecules and no expansion of 
the co-ordination sphere of uranium(V1) in the ad- 
duct formation. This contrast in the values for the 
micellar and solvent-extraction systems could be ex- 
plained by the degree of affinity of TBP for water. In 
the micellar system, the alkyl groups and oxygen 
atom of TBP perhaps orient to the oligophile and 
hydrophile parts of the micelle, respectively. There- 
fore, the environment of the TBP-water adduct is 
more hydrophilic than that in benzene and the adduct 
perhaps exists as TBP.H,O. 

1. 

2. 

3. 
4. 

5. 

6. 

7. 
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9. 
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Summary-A procedure has been developed for the determination of 99Tc in vegetation, by use of 95mTc 
as an internal tracer. The samples are wet-ashed, without significant loss of Tc. The Tc is separated from 
most other radionuclides by precipitation with calcium carbonate, and is purified by anion-exchange 
chromatography and electro-deposition. The radiochemical yield of Tc is determined by Ge(Li) 
gamma-ray spectrometry of the 204-keV photon peak of the 9SmTc internal tracer, and the vc activity 
is determined by counting its 0.292-MeV beta-particles with a scintillation counter. The detection limit 
for *Tc in a sample weighing about 10 g is 0.1 pCi for a 3000-min count. 

There has recently been considerable interest in mea- 
suring the environmental concentrations and distri- 
butions of 99Tc,‘-7 a potential toxic pollutant hazard 
originating from nuclear power plants and nuclear 
fuel reprocessing operations.“” This interest has led 
to the development of a number of methods for 
measuring this long-lived beta emitter. 99Tc and the 
other major isotopes of Tc are listed in Table 1. 

Isotope-dilution mass-spectroscopy (IDMS), with 
a 97T~ tracer, is the most sensitive analytical method 
for determining 99Tc. ‘2’ Measurements of 99Tc activi- 
ties as small as 0.02 pCi have been achieved by this 
method. However, IDMS requires expensive soph- 
isticated instrumentation and very thorough decon- 
tamination from 97Mo, which causes interference. 
This interference problem can be eliminated by sub- 
stituting resonance (laser-induced ionization) IDMS 
for the usual thermal-ionization IDMS, but at the 
cost of additional special apparatus. 

99Tc has also been determined by beta-counting 
with 97mT~ as an internal tracer.’ The 97mTc yield is 
measured by counting its conversion electrons in a 
beta-counter. However, the beta radioassay of the 
99Tc requires that the conversion electrons from the 
97mTc be screened out. This is accomplished with 
14-mg/cm’ aluminium absorbers,’ but the absorbers 
cause a severe reduction in the sensitivity of the 
method,9,‘4 and a decrease in precision. Because the 

99Tc and the 97mT~ are both counted by the same 
detector, an unexpectedly high 99Tc activity can inter- 
fere with the 97mT~ count-rate measurement.’ (The 
97mT~ count rate is typically 30-40 cpm in a 
Geiger-Miiller detector.‘) 

95mT~ has been used as an external tracer for the 
determination of 9qc by adding it to one of a pair of 
duplicate samples and attempting to analyse both in 
an identical manner. The unspiked duplicate was 
beta-counted, and it was assumed that its Tc chemical 
yield was the same as that of the spiked duplicate. 

*Author for correspondence. 

The reproducibility of the chemical recovery of Tc 
was found to depend primarily on the care taken by 
the analyst.14.15 

In the method presented here, 95mT~ is used as an 

internal tracer for the measurement of ‘?c. The yield 
of 95mT~ is determined by measuring the tracer’s 
204-keV photon peak by Ge(Li) gamma-ray spec- 
trometry. The activity of 95mT~ tracer added is 
sufficient for a reasonably precise determination of 
the radiochemical yield by gamma-ray spectrometry. 
The interference by this very small amount of 9SmT~ 
tracer activity in the 99Tc beta-counting is less than 
the beta-counter background and is corrected for in 
the calculations. Not only are absorbers unnecessary, 
but their use would be detrimental, because 9qc beta 
particles are attenuated more by absorbers than the 
95mTc gamma-rays are. In addition, high levels of 99Tc 
activity in a sample have no effect on the 9SmT~ yield 

determination by gamma-ray spectrometry. 
The volatility of Tc is a unique aspect of its 

chemistry. Excessive temperatures should be avoided 
during sample dissolution, wet ashing, and evapo- 
ration.‘0,‘4.‘6.‘7 Some reports of the volatility of Tc 
from hot nitric acid solutions conflict with others.” 
One report recommends that to avoid loss of Tc 
during evaporation of a solution of Tc in nitric acid, 
the temperature should not exceed 90”.” At its melt- 
ing point (119.5’) Tc, 0, exhibits a vapour pressure of 
about 1 .O mmHg. I9 We have found that wet-ashing of 
vegetation samples with nitric acid at moderate hot- 
plate temperature settings results in Tc losses of 
< 5%. 

Tc can be separated from many other elements by 
treatment with carbonate. Tc remains in solution 
while actinides, radium, strontium, calcium, lead and 
transition metals precipitate.“,‘5,20 

The anion-exchange behavior of Tc has been exten- 
sively studied.9.‘7-‘9J-25 Dowex 1 x 4 resin has been 
used successfully to separate Tc from most other 
elements. It sorbs Tc from alkaline or weakly acidic 
solutions, and the Tc is eluted with more strongly 
acidic solutions. 

809 
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Table 1. Half-lives and decay modes of the major Tc isotopes’*,3’ 

Nuclide Half-life 

““‘Tc 61 days 

95T~ 20 hours 
9’mT~ 91 days 
“Tc 2.6 x 10h years 
99Tc 2.1 x IO5 years 

Mode of decay 

95 + % electron capture 
4% internal transition 

electron capture 
internal transition 

electron capture 
beta 

Energy of beta and 
photon emissions, 

keV 

204, 582, 835 

17, 20, 766 
conversion electrons 
conversion electrons 

292 

Electra-deposition of Tc~,‘~,“,‘~ provides additional 
decontamination from other elements and provides a 
convenient form for beta-counting and for tracer 
yield determination by gamma-ray spectrometry. 

Reagents 
EXPERIMENTAL 

The 95mTc tracer was obtained from Argonne National 
Laboratory, where it was prepared by cyclotron bombard- 
ment of niobium with ‘He or 4He nuclei:‘4,26 

93Nb(‘He, n) “‘“Tc 

93Nb(4He, 2n) 95mTc 

When prepared in this manner the 9smTc is free from 97mTc. 
‘?c standard solutions were obtained from Amersham 

Radiochemicals, Arlington Heights, IL 60005. qc can also 
be obtained from Oak Ridge National Laboratory.14 

The Dowex 1 x 4 (100-200 mesh) (Bio-Rad type AG) was 
prepared for use by washing 500 g of it successively with 1 
litre of 3M sodium hydroxide, I litre of water, 2 litres of 6M 
hydrochloric acid, and finally with four 2-litre portions of 
water. 

To prepare the anion-exchange column a plug of glass 
wool was positionad at the base of a 17-mm outside 
diameter glass tube (280 mm long), then a lo-ml volume of 
settled resin was transferred into the tube and 200 ml of 
O.lM nitric acid were passed through it. 

All other chemicals used were of analytical reagent grade. 

Apparatus 

The electro-deposition equipment comprised platinum 
discs (17.6 mm in diameter, 0.127 mm thick, one side 
mirror-finished), an electrolytic cell, a constant-current 
power supply and a voltage recorder. This system has been 
described elsewhere.27~28 

After the electro-deposition, the platinum discs are COV- 
ered with a plastic scintillating phosphor and a 0.0254-mm 
thick film of mylar,” and mounted on a nylon ring-disc 
assembly2s for beta-counting. The plastic scintillating 
phosphorsZ8 used were 2.4 cm in diameter (Nuclear Enter- 
prises Ltd., Edinburgh, Scotland). 

In the mercury-shielded low-level beta counters28,29 the 
phototube and sample were fitted into the well of a Phillips 
(or Amperex) hollow-anode Geiger tube operated in anti- 
coincidence. Tennelec scalers, clock and interface fed the 
data to a teletype paper punch and typewriter. 

Chemical procedure 

A measured amount of 95mTc tracer, sufficient to produce 
a 204-keV peak of about 1 cpm in a Ge(Li) gamma-ray 
spectrometer, was added to 10 g of vegetation in a 3-litre 
beaker, and 300 ml of concentrated nitric acid were added 
and the mixture was stirred. The mixture was wet-ashed 
until the decomposition of organic compounds was com- 
plete. The solution was evaporated to the smallest volume 
attainable without separation of salts, then allowed to cool; 
800 ml of water were added and the mixture was stirred. The 
solution was then filtered through a 15-cm glass fibre filter 
and the silica and other insoluble material were discarded. 

The filtrate was evaporated to a volume of about 200 ml. 
Then 200 mg of Ca2+, 100 mg of Ba2+, and 50 mg of Fe3+ 
(as nitrate solutions) were added, followed by 6M sodium 
hydroxide (with continuous stirring) until a pH of 10 was 
obtained. Then 60 ml of 2M sodium carbonate were added, 
with continuous mixing. The precipitate formed was al- 
lowed to settle, then filtered off on a glass fibre filter and 
discarded. 

To prepare the filtrate for anion-exchange, 7.5M nitric 
acid was gradually added until the pH was 4-5, then 12 ml 
more of the acid were added and the solution was diluted 
with water to 870 ml. This final solution was O.lM in nitric 
acid, and was heated gently to remove the carbon dioxide 
produced by acidification of the carbonate. 

Anion-exchange was performed by passing the solution 
through a prepared Dowex 1 x 4 anion-exchange column, 
then washing the column with 500 ml of 0.1M nitric acid. 
The Tc was then eluted with 100 ml of 5M nitric acid. The 
eluate was evaporated to about 1 ml on a warm hot-plate 
and then left overnight at room temperature to evaporate to 
dryness. 

Electra-deposition 

An electrochemical cell containing a flamed platinum disc 
cathode was assembled. The Tc was dissolved in 1 ml of 
concentrated hydrochloric acid and transferred to the cell 
with three l-ml water rinses. A drop of Methyl Red 
indicator (0.1% solution in alcohol) was added, followed by 
ammonia until the solution turned yellow. Then 2M hydro- 
chloric acid was added until the solution turned red, and 
two drops in excess. The electrolysis cell was kept immersed 
in an ice-water bath during the electroplating, which was 
performed (with stirring) at a constant current of 1.2 A. 
After about an hour, the electro-deposition voltage in- 
creased abruptly, indicating completion of the electrolysis. 
The solution in the cell was quenched with 1 ml of concen- 
trated ammonia solution, the current was turned off, and the 
cell was dismantled. The platinum cathode carrying the 
electro-deposited Tc was rinsed with water, then with eth- 
anol, and dried on a hot-plate with gentle heat. The 
electroplated area on the platinum discs was 1.33 cm’. 

Radioassay 

The electroplated platinum discs were beta-counted for at 
least 1000 min. To calibrate the beta-counters for 9pTc 
radioassay, a known weight of standard *Tc solution was 
placed on a platinum disc; the solution was evaporated to 
dryness and the activity counted. To estimate the response 
of the beta-couhters to the 9SmTc emissions, aliquots of the 
95mTc tracer were electrolysed with platinum discs. These 
electroplated 95mTc tracer disc standards were counted on a 
beta-counter and in a Ge(Li) gamma-ray spectrometer. The 
solutions remaining after the electro-deposition were 
gamma-counted with a sodium iodide crystal to correct for 
any unplated 95mTc. 

To determine the radiochemical yield of a Tc deter- 
mination, the electroplated platinum disc was counted for 
1000 min in a Ge(Li) gamma-ray spectrometer. The area of 
the 204-keV photon peak of the 95mTc internal tracer was 
compared with the corresponding areas from the 95”Tc 
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Table 2. 99Tc analysis of a reference vegetation sample 

%Tc (sd.) for 
Tc radiochemical recovery each beta-counter, pCi/g 

Aliquot % s.d., %* Beta 17 Beta 18 Beta 19 

PG16 65.2 3.8 5.59 (0.21) 5.81 (0.22) 5.49 (0.21) 
PG17 65.3 3.5 6.31 (0.22) 6.62 (0.23) 6.60 (0.23) 
PG18 66.6 5.1 5.81 (0.30) 6.44 (0.33) 6.10 (0.31) 
PG19 72.3 4.4 5.87 (0.26) 6.14 (0.27) 6.10 (0.27) 
PG20 78.6 5.2 5.87 (0.31) 6.03 (0.31) 5.73 (0.30) 
PG21 59.9 4.7 5.95 (0.28) 6.03 (0.28) 5.95 (0.28) 
Mean 68.0 6.5 5.90 (0.24) 6.18 (0.30) 6.00 (0.38) 

(4.1%) (4.9%) (6.3%) 

*s.d. standard deviation. 

tracer electroplated disc standards, to obtain the radio- 
chemical Tc yield. The gamma-spectrometry measurement 
of the 95mTc electroplated disc standards also provided the 
data needed to calculate the ratio of the beta and 204-keV 
gamma count-rates for 95mTc. 

Calculations 

The 99Tc activity in the sample is equal to the total beta 
activity, corrected for background and for the beta con- 
tribution from the 95mTc tracer, and adjusted for counting 
efficiency and chemical yield: 

qc dpm = (A - C)/( YE) 

where A = net beta cpm of sample [corrected for back- 
ground of counter (0.3 cpm)], C = beta cpm from 95mTc, 
Y = chemical yield, and E = counting efficiency (about 40% 
on Environmental Measurements Laboratory, EML, beta- 
counters) and C = GR where G = net 204-keV gamma cpm 
of sample [from the Ge(Li) spectrometer] decay-corrected to 
the time of the sample beta-count, and R = mean ratio of 
the net beta and 204-keV gamma count-rates of the “‘“Tc 
tracer standard discs, both activities being decay-corrected 
to the same time, (for the EML systems, this ratio is about 
0.5). 

DISCUSSION 

One important requirement for preparing a plated 
source of a low-energy beta-emitter such as 9qc is 
that a very small mass is electro-deposited on the 
platinum surface. Therefore, our chemical separation 
procedure has been designed to separate, by means of 
an alkaline carbonate precipitation and anion- 
exchange, Tc from all elements that would also be 
electro-deposited, with the exception of chromium in 
chromate form. If barium is added before the solu- 
tion is made alkaline for the carbonate precipitation, 
any chromate is precipitated as barium chromate. 
The removal of chromate is important because it 
interferes with the electro-deposition of Tc. When 
applied to pure 9smT~ solutions our electro-deposition 
procedure plated 95% of the Tc onto platinum. 

A blended, homogeneous stable sample of dried 
grass has been prepared by EML for use as an 
environmental-type reference material within the 
scientific community. 3o This material has been ana- 
lysed by several expert international laboratories to 
certify its 9’?c content.30 To demonstrate the quality 
of our procedure, six aliquots of this vegetation 
sample were analysed. Each of the Tc electroplated 

discs was counted in three different beta-counters. 
Three samples of distilled water were processed sim- 
ultaneously to investigate 99Tc contamination in the 
laboratory reagents. No detectable net activity was 
observed in any of these blanks. These results are 
presented in Table 2. 

The chemical yield of the procedure, as evidenced 
by the recoveries of the six samples in Table 2, is 
good, averaging 68%. The beta activity in these 
samples was sufficiently high and the counting period 
long enough, for the relative standard deviation of 
the beta radioassay to be only kO.S%. For these 
samples the main uncertainty was due to the gamma- 
spectral analysis of the 204-keV photon peak of 95”‘Tc 
in the determination of chemical recovery. 

The results in Table 2 indicate the precision of the 
analysis. For any one aliquot, the results among 
counters agree within 1 standard deviation of the 
individual counting uncertainties. For any one beta 
counter, the results among the six aliquots agree 
within 2 standard deviations of the individual count- 
ing uncertainties, with the single exception of sample 
PG17 on counter Beta 19, which agrees within 3 
standard deviations. This indicates that the main 
imprecision in the procedure is due to the stochastic 
nature of radioactivity. 

The accuracy of the analysis is dependent upon the 
quality of the calibration of the beta counters, the 
completeness of equilibration of the 95mTc internal 
tracer with the 99Tc of the sample during and sub- 
sequent to sample dissolution, and the radiochemical 
purity of the Tc electroplated onto the disc. The qc 
standard is certified within f 1.2%. In addition, there 
is about 4% uncertainty in the actual calibration 
process, and this outweighs the smaller uncertainty in 
the certification value. 

The radiochemical purity of the separated element 
is a quality-assurance requirement in every radio- 
chemical procedure. This is difficult to demonstrate 
by decay-rate in the case of the long-lived 9qc. The 
most practical method is to show that the energy of 
the beta-particle emitted from the sample is equiv- 
alent to that of the 9!‘Tc beta-particles (E,,,,, = 292 
keV, E,,, = 97 keV).3’ One way to accomplish this is 
to prepare a Harley-Hallden plot*’ in which the log 
of the reduction in activity of a sample by selected 
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15r erson of EML for gamma spectrometry, Norbert W. Gol- 
chert and Jacob Sedlet of Argonne National Laboratory for 
consultation, and John Hines and Clarence Ricklefs of 
Argonne National Laboratory for the 9SmTc tracer. 

I I I I I I I 
01 02 03 04 06 08 10 15 

-Tc standard (A/A,) 

Fig. 1. Harley-Hallden plot2* of beta-counting with selected 
aluminium absorbers. The ranges around each data point 
represent one standard deviation for the count. The solid 

line is the theoretical line, slope = 1, for pure 9’?c. 

aluminium absorbers is plotted against the log of the 
reduction in activity of a 99Tc standard by the same 
absorbers. If the reduction in the sample activity 
parallels the reduction in activity of a 99Tc standard, 
the Harley-Hallden plot will have a slope of unity. 
Such a logarithmic plot, with slope of unity, is shown 
in Fig. 1 for one of the 99Tc electroplated discs from 
the reference vegetation analyses. 

The good analytical precision obtained strongly 
suggests that complete equilibration of the 95mT~ 
internal tracer and 99Tc of the sample was accom- 
plished. The correct analysis of an environmental 
reference material is an effective way to demonstrate 
this equilibration, along with other factors that deter- 
mine analytical accuracy. Although the certified value 
for the reference vegetation has not yet been pub- 
lished, the mean of the 18 individual results in Table 
2 (6.02 pCi/g, standard deviation 0.31) is within one 
standard deviation of the tentative value.30 Con- 
sequently, there appears to be no demonstrable bias 
in the procedure. 

The lower limit of detection for 99Tc determination 
by this method is 0.1 pCi for a beta-counting time of 
3000 min.28 This limit is defined as the smallest 
amount of sample activity that will yield a net count 
rate for which there is 95% confidence that activity is 
present. 

This study has demonstrated the utility of 95mT~ as 
an internal tracer for the measurement of 99Tc by 
beta-counting. A combination of alkaline carbonate 
precipitation, anion-exchange and electro-deposition 
provides good radiochemical isolation of 99Tc and 
satisfactory recovery 
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Summary-The effects of knowledge of the solution chemistry of the platinum metals on their separation 
by solvent extraction and ion-exchange methods are reviewed, for the period 1950-1983. The review 
concentrates on the chloro-complexes of these metals and indicates those areas which need more 
investigation or interpretation to provide adequate separational methods. 

The complex nature of the solution chemistry of the 
platinum metals has contributed to the difficulty of 
developing methods for their separation. With more 
knowledge of the complexes possible in solution, and 
of their stability and kinetic properties, the solvent 
extraction and ion-exchange methods should be 
better understood. The relationship between the 
solution chemistry of the platinum metals and the 
ion-exchange and solvent extraction methods used 
for their separation is therefore reviewed here, for the 
period 1950-1983. Because of the common use of the 
chloro-complexes of these metals in such in- 
vestigations, the review is mainly restricted to these. 
In some publications, the solution chemistry has been 
extensively discussed, whereas in others it has been 
almost completely ignored. We have divided the 
methods into appropriate sections with illustrative 
examples and have tabulated similar procedures. An 
indication is given in each section of the areas which 
require additional investigation or interpretation. It is 
important that the chemistry be elucidated if progress 
is to be made in this difficult area of analytical 
chemistry. 

ION-EXCHANGE 

Ion-exchange methods have been developed for 
most of the platinum metals, based either on 
differences in the affinity of similar complexes for a 
resin or on larger differences caused by varying the 
solution constituents. The capacity of the resins used 
is usually large (up to 1 meq/g), which allows concen- 
tration of the metals, and the method is rapid atd 
offers separation from a variety of other ions. 

Electrostatic efects 

Several studies’-’ of the chloro-complexes of the 
platinum metals clearly indicate that the strength of 
interaction with anion-exchangers is highly de- 
pendent on the charge of the complex. Doubly- 

*Author for correspondence. 

charged complexes (PdCli-, PtCl:-, PtCli-, IrCli-, 
RuCli-, OsCli-) were found to be strongly sorbed by 
the resins, whereas the triply-charged (IrClz-, 
RhCli-, RuCli-) were only weakly bound in static 
systems used for preconcentrating these metals. The 
sorption of the chloro-complexes of rhodium and 
ruthenium also depends on the age of the solution, 
mainly because of the labile character of these metals 
towards aquation;4,8-‘0 complexes of the type 
[MC1,,Y(Hz0),]-Y-3 (x = l-6) are formed.“-26 This 
property might be useful in some separations but has 
mainly been considered a problem in dealing with 
solutions of rhodium and ruthenium. Several plat- 
inum metals have been separated with anion- 

exchange resins, on the basis of the relative strengths 
of electrostatic interaction (Table 1). 

Palladium andplatinum. Palladium and platinum in 
dilute acid are both sorbed strongly by anion- 
exchangers but it is possible to use the slight 
difference in interaction at high acid concentrations 
for sequential elution of palladium with concentrated 
hydrochloric acid and then platinum with perchloric 
acid.2 Alternatively2’ palladium can be recovered with 
sodium hydroxide solution and platinum with dilute 
nitric acid. 

Rhodium and iridium. By use of only the differences 
in the strength of electrostatic interaction with the 
anion-exchange resin, rhodium is typically eluted 
from the column first with a dilute acid or salt 
solution, and can be separated from palladium2 and 
platinum.’ The separation of rhodium and iridium by 
anion-exchange often requires a suitable oxidizing 
agent to maintain iridium in the quadrivalent state, 
which is strongly sorbed by the resin.8,9 Selective 
reducing agents can reduce Ir(IV) to the non- 
extractable Ir(II1) (E” = 1.02 V),‘* which permits a 
separation from palladium’ and platinum.5~27*29 
Furthermore, by controlling the oxidation-reduction 
conditions it is possible to separate a multicomponent 
system. Table 1 outlines separations of rhodium and 

iridium from each other and from palladium and 
platinum.2,30 
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Ruthenium and osmium. The only description found 
of an anion-exchange separation of Ru(IV) is for its 
separation from Rh(III), both being present as 
chloro-complexes.* The ease of reduction of Ru(IV) 
to Ru(II1) by the resin made it essential to add 

cerium(IV) to maintain the higher oxidation state. 
However, because of the strong sorption of ruthe- 
nium on the resin, its complete recovery was impos- 
sible even with reducing agents such as hydroxyl- 
amine hydrochloride. If the ruthenium is reduced to 

Ru(II1) in solution, no separation is possible from 
Rh(II1) because of the similar low affinity of both 
tervalent metals for the exchanger. 

No work has been reported on the sorption of the 
chloro-complexes of osmium by anion-exchange 
resins, although quantitative liquid ion-exchange ex- 
traction of the quadrivalent metal has been 
achieved.“m37 No successful ion-exchange separation 
of osmium and ruthenium has been reported. The 
ease of reduction of Os(IV) and the reduction or 
partial hydrolysis of Ru(IV) prevent their quan- 
titative separation3* However, liquid anion- 
exchangers have been used for the separation of the 
chloro-complexes of Ru(II1) and OS(IV),~~,~~ as dis- 
cussed later. Because the ion-exchange resins are 
usually less reducing than the liquid ion-exchangers, 
it would be expected that the resin separation of 
ruthenium and osmium should indeed be possible. 

Kinetic effects 

The differences in the labile character of the plat- 
inum metals in the formation of cationic, anionic, 
and neutral species has been used for their separation 
(Table 2). For example, the rate of formation of the 
cationic ammine complex of Pd(I1) from its chloro- 
complex is sufficiently different from that for other 
metals*43 to permit isolation of the complex. The 
rapid formation of Rh(H*O)i+ through precipitation 
of the hydroxide and redissolution in dilute acid has 
been used in several ion-exchange procedures.4M6 
Incomplete conversion and instability in more acid 
conditions [resulting in formation of other com- 

plexes, RhCl,,(H20)~~3] cause major problems with 
these methods. 

Other studies on the separation of platinum metals 
have been reported where the differences in their 
labile character toward pyridine:’ thiourea,48.49 thio- 

cyanate, sulphonylguanidine incorporated into a 
styrene-divinylbenzene copolymer,” and 
styrene-8-aminoquinoline-based copolymer’* have 
played an important role. 

Though several studies have indicated reasonable 
success in separation of several of the platinum 
metals, the advantage of the differences in their labile 
character could be further utilized. 

SOLVENT EXTRACTION 

Solvent extraction has been widely used for sep- 
aration of the platinum metals.5”s5 The difficulty in 

developing extraction procedures for the individual 
metals is due to the slow reaction of the chloro- 
complexes. The solvent extraction methods for the 
separation of binary or multicomponent systems of 
these metals use the differences in their kinetic behav- 
iour for the formation of extractable species, as well 
as the strength of electrostatic interaction of their 
chloro-complexes with liquid ion-exchangers or with 
oxygen-containing solvents. 

Common binary mixtures 

Electrostatic effects. The contribution of the charge 
of the complex and its labile character towards 
hydration has been useful in the separation of plati- 
num metal mixtures. The inertness of the chloro- 
complexes of palladium and platinum toward 
aquation plays an important role in their extraction 
from acidic solution by an anion-exchange mech- 
anism with organic bases such as amines, quaternary 
ammonium salts, antipyrines and other nitrogen- 
containing exchangers.34.36.5”63 However, because 

both metals are highly extractable as chloro- 
complexes their separation is difficult and has not 
been reported in the literature reviewed. 

The chloride complex of Ir(IV) is highly extractable 
into organic solvents,34.36.57,59,62-69 whereas the Ir(II1) 
form is much less extractab1e59.62,656R owing to the 
increase in the charge on the complex. On the other 
hand, the Rh(II1) chloro-complex is also poorly 
extracted 34,36,57,59,63~66,69 which is due to the charge of 
the complex as well as its labile character toward 
aquation, i.e., formation of [RhC1,,(HZO),]rm3 
(x = l-6). 

Ruthenium and osmium can also be separated as 
chloro-complexes because of their different affinities 
towards the extractant through either the anion- 
exchange or hydration-solvation mechanism. Ru(IV) 
is highly extractable but Ru(II1) is not.34.36.59.7”7y The 
poor extraction of Ru(III), like that of Rh(III), is 
attributed to both the charge on the complex and to 
the ease of aquation to form [RuC~,~,(H,O),]‘~ 
(x = l-6). Os(IV) behaves similarly to Ir(IV) and is 

inert toward aquation and is quantitatively extracted 
by anion-exchangers3’m37 or by oxygen-containing 
extractants.8s83 

Several procedures (Table 3) have utilized these 
differences in behaviour of the chloro-complexes of 
these common binary mixtures of platinum metals for 
their separation by different types of organic solvents. 

Although the separation of rhodium and iridium as 
their chloro-complexes has been widely investigated 
with the iridium kept in the quadrivalent state, the 
problem of recovery of the last traces of rhodium has 
not yet been solved. In addition, the nature of the 
extracted rhodium complex needs to be elucidated to 
provide the necessary information for developing 
efficient methods for its recovery. 

Kinetic efjcts. The differences in the formation 
rate of the extractable anionic, neutral, or cationic 
species of the binary mixtures of Pd-Pt, Rh-Ir, and 
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Table 3. Solvent extraction based on electrostatic effects 
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Metals Aqueous 
separated* phase Organic phase Other information Reference 

Rh(III~Ir(IV) 67M HCl Tri-n-butyl phosphate 

Rh(IIItIr(IV) 6M HCl 
saturated 
with NaCl 

Rh(IIItIr(IV) 6MHCl 

Rh(III)-Ir(IV) 6M HCl 

Rh(III)-Ir(IV) HCI 

Tri-n-butyl phosphate 

Tri-n-octylamine in 
benzene 
Tri-n-octylamine-loaded 
silicone rubber foam 
Diantipyrylpropylmethane 
in dichloroethane 

Ru(IVtOs(IV) 3-6M HCI Diantipyrylpropylmethane 
in dichloroethane 

Ru(III)-Os(IV) 0.1-0.3M HCI 
Ph, A&l 

Ru(III)-Os(IV) 0.058M HCl 

Ru(IIItOs(IV) 6M HBr 

Chloroform 

Amberlite LA-I in 
chloroform 

Methyl isobutyl ketone 

Ru(IIItOs(IV) _ 5M HCI Triphenylphosphine 
in 1,2-dichloroethane 

Aqueous phase treated with H,O, 
to oxidize Ir, heated at 90 
to destroy excess peroxide 
For quantitative separation, the 
oxidation of Ir by H,O, is necessary in 
each of the nine extraction stages required 
Continuous treatment with chlorine 
gas to prevent Ir reduction by amine 
In presence of free chlorine, 98% 
Ir extracted while 99% Rh remained 
Acidic solutions containing NaCl 
and H,O, evaporated to a moist salt 
before dissolving for extraction 
Solutions containing N,H,.HCl or 
N,H,. H,SO, heated to reduce 
Ru selectively to Ru(II1) 
OS extracted as 2Ph,As+ ~OsCl~~ 

OS extracted then Ru oxidized to 
RuO; and extracted with Ph,AsCl in 
chloroform 
As bromo-complexes, OS extracted 
quantitatively whereas only 2% Ru 
was extracted 
A quantitative separation is possible 

70 

71 

72 

73 

34 

34 

74 

39 

7s 

64 

(-) means “separated from”. 

Ru-0s with several complexing or chelating agents 
have been utilized for their separation from aqueous 
solution. 

Palladium and platinum. These will be discussed in 
terms of charge type. 

(i) Anionic complexes. The kinetically labile charac- 
ter of the chloro-complexes of palladium towards a 
number of hydrophobic anions allows the immediate 
formation of highly extractable anionic complexes at 
room temperature.8”86 Platinum, which reacts slowly 
under the same conditions,87 may thus be separated 
from palladium. For example, milligram amounts of 
these metals in ammonium thiocyanate-hydrochloric 
acid solutions can be separated by the weakly basic 
diethylaminoethyl cellulose ion-exchanger.50 The 
efficiency of separation increases with decreasing 
temperature, and below S’, about 98% of the plat- 
inum (as PtCli-) can be separated from palladium, 
which is quantitatively sorbed as Pd(SCN):-. 
Because the palladium complex is highly extractable 
by oxygen-containing solvents whereas the PtCli- is 
not, it should also be possible to separate them by 
using extractants such as phosphates, alcohols, 
ketones, esters, ethers, etc. 

~~~ ~r..~__ _: 

(ii) Neutral complexes. Neutral complexes of the 
type MX,L, (n = 2 for Pd and 2 or 4 for Pt) are 
formed by the reaction of palladium*697 and 
platinum56,88,93,98,99 with suitable singly-charged anions 
(X) and organic bases (L) such as those containing N, 
S, P, As, Sb, etc. These complexes with ions such as 
halide or thiocyanate are soluble in carbon 

tetrachloride, chloroform, 1,2-dichloroethane, 
cvclohexane. benzene. etc. The extractable snecies of 

pd(II)64.92.9”‘02 are produced rapidly even at room 
temperature, whereas Pt(II) complexes form more 
slowly and Pt(IV) complexes often require 
heating93,l00.lO2.l03 or the use of a catalyst such as 
stannous chloride.64*93*9”0’ Stannous chloride also 
acts by reducing Pt(IV) to the more reactive Pt(I1) 
species. The rate of formation of the neutral com- 
plexes is in the order Cll < Br- < I- in the presence 
of excess of the halo-acid; this corresponds to the 
order of decreasing bond strength and increasing 
reduction potential. For example, there is no reaction 
with 2-mercaptobenzothiazole”2 or diphenylthio- 
urea’13 added to a hydrochloric acid solution of 
platinum, but a yellow precipitate is formed if potas- 
sium iodide is added to the solution either before or 
after the ligand. This can be attributed to reduction 

to Pt(I1) and the subsequent formation of the more 
labile PtI:- from the original PtClg-. Also, palladium 
can be extracted as PdX,(DOS), [DOS = di-n-octyl 
sulphide] from acidic chloride, bromide or iodide 
solution with cyclohexane,‘06 but platinum can only 
be extracted from iodide solution [probably as 
Pt12(DOS), rather than the reported PtI,(DOS),]. 

extraction mechanism. To minimize the extraction of 

The separation of platinum and palladium is best 
accomplished by extracting the palladium complex 
before formation of the extractable platinum complex 
becomes significant. This can be done by starting with 
the chloro-complexes of the metal in neutral solution 
at room temperature or below. A low salt concen- 
tration reduces the formation of PtCl,L, and a 
weakly acidic solution restricts the extraction of 
PtC@ through the hydration-solvation or anion- 
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platinum, it is best to start with Pt(IV) in the absence 
of any reducing agent, since this form is less labile, 
and the separation should be done quickly since the 
formation of PtX,L, is kinetically slow. 

On the basis of these differences in the behaviour 
of palladium and platinum toward different neutral 
ligands, several methods for their separation have 
been considered, some of which are indicated in 
Table 4. 

Several sulphur-containing ligands,“““6 including 
dialkylsulphides and dialkylsulphoxides,‘07~“7~“9 have 
been used to extract palladium and may be efficient 
for its separation from platinum. Though several 
derivatives of dithiocarbamic acid have been used in 
chloroform to extract palladium and platinum indi- 
vidually, it would appear12’ that diphenyl- 
dithiocarbamic acid can be used for quantitative 
separation of palladium from platinum. This should 
be possible in solutions containing sodium sulphide 
as a reducing agent, even in up to 2M hydrochloric 
acid, though at such high acid concentrations it is 
customary to use a nitrogen-containing ligand as 
counter-anion in an ion-association extraction. 

Some of the most promising ligands for the separ- 
ation of palladium and platinum are dialkylsulph- 
oxides, which can be used in oxidizing media, and 
dialkylsulphides, which can be used in basic or highly 
acidic solutions (> 6M hydrochloric acid), whereas 
ligands containing sulphur and nitrogen and/or 
oxygen as donor atoms can be used only in dilute acid 
solutions. More detail is needed on the effect of 
branched substituents on the behaviour of the ligand 
and on whether the different extractable species 
formed with the sulphoxides in highly acidic solutions 
are neutral PdX,(R,SO), or hydrated-solvated 
2[H(R,SO)(H,O),+].[PdCl:~] complexes. Also there 
may be sufficient differences in the kinetic behaviour 
of platinum and palladium with different amines to 
allow separation of these metals, since the tendency 
of the amines to form the neutral complexes decreases 
in the order RNH, > R,NH > R,N. 

(iii) Cutionic complexes. The significant difference 
in the rate of formation in ammoniacal medium of 
the ammine complexes [M(NH,),“+] of palladium and 
platinum has been used for the separation of these 
metals.“’ High molecular-weight amines such as 

tri-n-hexylamine, tri-n-octylamine and primene, 
dissolved in chloroform or benzene, have been used 
as liquid anion-exchangers for the extraction sepa- 
ration of platinum from palladium, but careful timing 
was necessary to avoid significant formation of the 
platinum ammine complex. Other methods could be 
developed, based on the slower formation of the 
platinum-ammine, perhaps by enhancing the 
difference in the formation rates by using ammonium 
acetate rather than ammoniacal medium, or by use of 
different liquid anion- and cation-exchangers. 

Rhodium and iridium. The chloride complexes of 
both ~~~~~~~6'~"~65~70~87~93~l2l~l25 and iridium".bS,'3.'OO. 

'"'~'03~"5~'24~'26~'27 react very slowly at room temperature 

to form extractable anionic (M,Cl,X,)k- [x = Br-, 
II, &Cl;, SnBr;, SCN-, etc.] or neutral MCl,L, 
[L = a neutral organic compound containing N, S, P, 
As, Sb] complexes. Heating the aqueous phase or 
introduction of a catalyst before extraction acceler- 
ates the formation of the extractable species. The 
relatively labile character of rhodium compared to 
iridium [Rh(III) > Ir(II1) > Ir(IV)] in the formation 
of the extractable anionic’28-‘30 or neutra164,98~99~‘3”32 

complexes plays an important role in their sepa- 
ration; this commonly involves converting rhodium 
into the extractable form while maintaining iridium 
in the unextractable chloride form. In addition, the 
presence of excess of salt or stannous chloride affects 
the formation of the anionic and neutral complexes, 
respectively. Table 5 lists the separation of several 
rhodium and iridium complexes. 

(i) Anionic complexes. Rhodium has been extracted 
in the form Rh,Cl,Xz- from solutions containing 
iridium, by oxygen-containing solvents. The addition 
of stannous bromide produces the rhodium complex 
much more rapidly than that of iridium in hydro- 
chloric acid solution.‘33 Isopentyl alcohol can be used 
to remove the rhodium-tin(I1) bromide even in the 
presence of large amounts of sodium chloride, and 
from perchloric acid solutionThe difference in the 
reaction rates means that the rhodium complex takes 
2 hr to form at room temperature (although obvi- 
ously the time could be shortened by warming the 
solution) whereas the iridium complex is formed only 
by heating the solution at 90” for at least 3 min (and 
even then gives inconsistent results). 

Rhodium can also be extracted from iodide solu- 
tion with tri-n-butyl phosphate in toluene.‘34 The 
formation of the iodo-complex requires heating at 
70” for 1 hr at pH 2. The complex is extracted from 
1M sulphuric acid, probably through the 

hydration-solvation mechanism, and can be stripped 
with ammonia solution. The iridium complex is un- 
likely to be appreciably formed under these condi- 
tions and a separation of rhodium and iridium should 
be possible. 

One of the difficulties in the extraction of rhodium 
and its separation from iridium is the labile character 

of the starting hexachloro-complex of rhodium to- 
wards aquation. With aging, species of the type 
[RhCl,(H20),]“3 (x = l-6) are formed, which react 

at different rates with a ligand and thus produce 
different complexes with varying extractability. To 
avoid this problem, rhodium can be converted into 
the hexachloro form by evaporating the solution to 
dryness in the presence of a chloride salt shortly 
before use.‘33 An example of the effect of aging13’ is 
the extraction of rhodium as a thiocyanate complex 
by polyurethane foam; in this case a one-day old 
solution, containing mainly [RhCl,(H20)]2~, was 
92% extracted, whereas a seven-month old solution 
containing mainly RhCl,(H,O), was only 78% 
extracted. 

The use of a chloride salt for stabilizing rhodium 
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as the hexachloro-complex in solutions is of con- 

siderable importance. Because rhodium solutions 

usually require heating to form the extractable spe- 
cies, the aquation of the rhodium complex is facili- 
tated. The different aquation complexes react at 
various rates with a ligand, because the water mole- 
cule is less labile than the chloride ion, although 
eventually the same complex may be produced. When 
a chloride salt is present in a freshly-prepared rho- 
dium solution, it ensures the rhodium is present as the 
hexachloro-complex, which is the most labile form. 

The use’25 of 2M lithium chloride medium reduces 
the heating time for formation of Rh(SCN)i- at 90” 
to 30 min from the 4 hr required in absence of the 
chloride. However, with iridium solutions even 4M 
lithium chloride does not decrease the required heat- 
ing time of 4 hr and in fact decreases the extraction 
of the thiocyanate complex by polyurethane 
foam;‘25,‘35 this is due to the inertness of the hexa- 
chloroiridate towards aquation, resulting in a com- 
petition between the chloride and thiocyanate ions 
for iridium. 

The tin(I1) bromide complexes of rhodium and 
iridium, which are extracted by several nitrogen- 
containing solvents in chloroform,‘29 are also affected 
by chloride ion. The presence of 4M chloride almost 
completely inhibits the formation of the extractable 
iridium-tin(I1) bromide complex while not affecting 
the formation of the rhodium complex, for which 
these are the ideal formation conditions. In this case 
the competition between SnBr; and Cll for iridium 
is the most likely reason for the decrease in formation 
of the bromostannate(I1) complex. 

The role of chloride in the reaction of iridium and 
in labilizing the formation of anionic complexes of 
rhodium with different hydrophobic anions, e.g. Br, 
II, SnCl;, SnBr;, etc. needs to be further studied and 
should be extended to neutral ligands containing N, 
S, P, As, Sb, etc. 

(ii) Neutral complexes. Neutral sulphur-containing 
complexes of rhodium can be formed, and extracted 
by an organic solvent, while iridium is maintained as 
the unextractable chloro-complex. Heating is re- 
quired to accelerate the formation of the rhodium 
complex and reduction to the more labile Rh(II) 
form, but this also results in the partial formation of 
an extractable iridium complex. Though quantitative 
extraction of rhodium has been obtained93 by boiling 
a solution of rhodium and iridium with 

2-mercaptobenzothiazole, cooling, and extracting 
with chloroform, 610% of the iridium was co- 
extracted. 

To avoid co-extraction of the iridium with rho- 
dium, acidic solutions of stannous chloride have been 
used to labilize formation of the rhodium complex. 
The catalytic behaviour of stannous chloride arises 
mainly because of its ability to reduce rhodium to 
Rh(I1) and form relatively labile complexes of the 
type MCl,(SnCl,), x4”+m). The formation of the extrac- 
tabie neutral sulphur-containing complex (MCI, L,) 

is facilitated by substitution of a sulphur-containing 
ligand (L) for the more labile SnCl; rather than for 
Cl-. In the presence of stannous chloride the rho- 
dium complex forms rapidly and does not require 
heating, which would result in the simultaneous 
formation of a similar iridium complex. From acid 
solutions containing 2-mercaptobenzothiazole and 
stannous chloride, more than 99% of the rhodium can 
be extracted into chloroform, but no iridium.93 It is 
possible that stannous bromide may be even more 
effective in accelerating the formation of an extract- 
able rhodium complex, since it is a stronger reducing 
agent and is more labile than stannous chloride. 

The use of sulphur-containing ligands has not been 
studied extensively and the effectiveness of several 
alkyl and aryl derivatives of thiourea which are now 
available should be considered. Dialkyl sulphides and 
other sulphur-containing reagents with a relatively 
high electron density should be examined, for exam- 
ple, since dibenzyldithiocarbamate has been noted as 
introducing an extreme interference from rhodium in 
the extraction of palladium and platinum’*’ because 
of an analogous rapid reaction. Other neutral- 
acceptor ligands which are weakly protonated in 
acidic media, e.g., derivatives of phosphine, amine 
and stibine, may also be useful for separations. 

(iii) Cationic complexes. Liquid cation-exchangers 

have been used for the separation of the chloro- 
complexes of rhodium and iridium, utilizing the ease 
of formation of the cationic Rh(H,O)i+ complex. 
This complex has usually been produced by precipit- 
ation of Rh(OH), and formation of Rh(H,O)i+ by 
redissolution in dilute acid. The latter complex can be 
extracted with dinonylnaphthalenesulphonic acid in 
heptane.“’ These methods are limited because of 
incomplete Rh(OH), precipitation and instability of 
Rh(H,O);+ in hydrochloric acid, where neutral or 
anionic chloro-complexes can also be formed. 

Ruthenium and osmium. The chloro-complexes of 
Ru(III or 1~)98.99.116.139-141 and OS(IV)~‘.~~.‘~’ react with 

hydrophobic anions or neutral ligands to form ex- 
tractable species. Several hours are required for the 
reaction of Ru(III or IV) chloride complex with 
hydrophobic’4’ and neutral complexing agents14’ at 
room temperature but only a few minutes with 
heating; the rate of reaction with Os(IV) chloride is 
much slower.‘*‘46 

Excess of chloride also plays an important role in 

the separation, since the chloride complexes of Ru(III 
or IV), like those of Rh(III)14’ are labile toward 
aquation, whereas osmium is inert like iridium. 
Therefore the addition of chloride ions increases the 
rate of ruthenium reaction with hydrophobic or 
neutral complexing agents and decreases that of 
osmium. 

(i) Anionic complexes. The maximum formation of 
Ru(SCN& requires only 5 min heating at 90” while 
that of Os(SCN)- requires 3 hr. In addition, the 
presence of 3M lithium chloride increases the 
formation of the ruthenium complex and decreases 
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that of the osmium complex, so a 95% complete 
separation is possible.‘42 It would be useful to see the 
effect of other complexing agents in this type of 
separation. 

(ii) Neutral complexes. The chloro-complexes of 

Ru(II1 or IV) and Os(IV) react with neutral organic 
compounds (L) such as those containing N, S, P, As, 
Sb, etc. to form neutral complexes of the type64,98.99.‘40 
MCl,L, which are highly extractable into organic 
solvents (Table 6). The difference in formation of the 
complexes of ruthenium and osmium is mainly due to 
,the reducing nature of the solution and has played an 
important role in their separation. 

Osmium can be quantitatively extracted from 6M 
hydrochloric acid with triphenylphosphine in 
1,2-dichloroethane.@ Ruthenium is not extracted in 
the absence of stannous chloride, because of its low 
lability at room temperature. If stannous chloride is 
present, the extraction of osmium is reduced to less 
than 20x, while ruthenium becomes up to 95% 
extractable from 4M hydrochloric acid. Mojski sug- 
gested that in the presence of stannous chloride 
osmium is reduced to an oxidation state lower than 
the tervalent, and that this forms neither a stable 
chloride complex with phosphine nor stable nega- 
tively charged chloride complexes. 

The presence of excess of chloride has a consid- 
erable effect on the separation of osmium and 
ruthenium, as noted’49 in the extraction from 
2-mercaptobenzothiazole medium into chloroform. 
Osmium can be quantitatively extracted from sol- 
ution at pH 3.5-5.0 after 15 min standing at room 
temperature. If the solutions are 3-6M in hydro- 
chloric acid and boiled for even as little as 5 min, the 
extraction is reduced to only 0.4%;93 this may be due 
to some reduction and/or the competition between 
the ligand and chloride for osmium. On the other 
hand, the chloride accelerates the formation of the 
extractable ruthenium complex in comparison to the 
aquated species. 

Methods for the separation of osmium and ruthe- 

nium and their spectrophotometric determination 
need to be developed on the basis of the effect of 
excess of halide and the reaction with organic com- 
pounds containing weak donor atoms. At present, 
the nature of the extractable species formed under 
reducing conditions is unclear and should be eluci- 
dated. 

(iii) Cationic complexes. The reactions between 
thiourea and hexabromo-osmate”’ and hexachloro- 
osmate’46 are extemely slow at room temperature. 
However, though the osmium complex is not formed 
in 6.7M hydrobromic acid for at least 4 hr, the 
maximum formation of the cationic 
ruthenium-thiourea complex occurs in only 15 
min.15’ Solvent extraction and ion-exchange sepa- 
ration of osmium and ruthenium should thus be 
possible, although neither has been reported. 

The labile nature of the chloride complex of ruthe- 
nium toward aquation to give [RuCl,,(H,O),]“’ 
(x = l-6), which is like that of rhodium, results in 
ruthenium interference in the extraction of rhodium 
by the liquid cation-exchanger dinonylnapthalene- 
sulphonic acid,‘38 and explains the sorption of some 
ruthenium on Dowex-50 cation-exchanger.” Since, 
like that of iridium, the chloro-complex of osmium is 
kinetically inert toward aquation, the difference in the 
tendency for formation of cationic complexes may be 
used for separation by converting ruthenium into a 
cationic form while keeping osmium as an anion, in 
the manner used for the separation of rhodium and 
iridium.13* 

Other effects used for separation of binary mixtures 

Palladium andplatinum. The photosensitive nature 
of platinum has been usedIs to enhance the for- 
mation of the thiocyanate complex and the 
separation of palladium and platinum by extraction 
of the triphenylisopropylphosphonium salt into ethyl 
acetate. It would appear that in the absence of light 
that the palladium complex should still be formed, 
while the platinum remains as a chloro-complex, thus 

Table 6. Solvent extraction of osmium and ruthenium, based on kinetic effects 

Aqueous phase Organic phase Other information Reference 

Anionic complexes 
0.6M KSCN, 3M NH,Cl 
pH-3 

Neutral complexes 
-3M HCl 

6M HCl, 1,4-diphenyl- 
thiosemicarbazide 

6M HCI, 2-mercaptoben- 
zothiazole 

Polyurethane foam 

Triphenylphosphine in 
1,2-dichloroethane 

Chloroform 

Chloroform 

Heating the solution at 90” for 5 min 
was enough for maximum formation 
of Ru(SCN)i- while leaving OS as its 
unextractable chloro-complex 

Presence of SnCl, accelerates for- 
mation of extractable Ru-triphenyl- 
phosphine complex and reduces OS(W) 
to lower states which form no stable 
complex with the ligand 
Heated at 100” for l&l5 min in pres- 
ence of SnCl,, Ru forms an extrac- 
table red-violet complex, but OS does 
not react with the organic reagent 
Aqueous phase boiled for 5 min; Ru 
extracted quantitatively; less than 0.4% 
OS extracted 

142 

64 

148 

93 
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permitting an extraction of Pd(SCN):- by several 
organic solvents.52 

The thiocyanate concentration has a considerable 
effect on the formation of Pt(SCN)i-: the rate of 
formation of the complex decreases up to O.lM 
thiocyanate concentration and then increases. The 
rate is also inversely proportional to pH and the 
reaction is completely inhibited at pH 7.0. Because 
Pd(SCN):- is easily formed, at a rate relatively 
independent of thiocyanate concentration, a 
separation of these metals is possible, and extraction 
with polyurethane foam, which may be considered as 
an oxygen-containing solvent, has been reported.ls3 

The importance of solution acidity can be seen in 
the separation of Pd(I1) and Pt(IV) from thiocyanate 
solution adjusted to pH 6.0 with pyridine, 
Pdpy2(SCN)z being extracted with methyl isobutyl 
ketone.” Platinum could only be extracted when the 
solution was adjusted to pH 2.0 with hydrochloric 
acid and heated at 90”. 

The separation of palladium and platinum by 
simultaneously controlling more than one of the 
effects of light, pH, thiocyanate concentration and 
use of different oxygen-containing solvents, needs 
more investigation than has been reported in the 
papers listed in Table 7. In addition, hydrophobic 
complexing anions other than thiocyanate, such as 
bromide and iodide, with which replacement reac- 
tions with hexachloroplatinate are reported to be 
strongly photosensitive,‘60.‘6’ also warrant study. 

Ruthenium and osmium. One of the characteristic 
features of ruthenium and osmium is their ability to 
form the volatile non-polar tetroxides, which are 

extractable with several organic solvents such as 
carbon tetrachloride,‘54~‘62-‘65 chloroform’54,‘66.‘67 and 
mepasine’68 (Table 7). Osmium can be selectively 
oxidized to the tetroxide and separated from 
rutheniumIs by extraction into carbon tetrachloride. 

Ruthenium and osmium can also be simulta- 
neously oxidized and subsequently distilled as their 

tetroxides. A separation is possible because of the 
difference in the kinetics of reduction of the tetrox- 
ides. The reduction of 0~0, to [OSO~C~,]~ - and then 
to OsCli- is slow and highly dependent on the 
hydrochloric acid concentration, temperature and 
reduction time, whereas that of RuO, to the corre- 
sponding anionic chloro-complexes is fast and takes 
place under much milder conditions.‘47 For exam- 
ple,lS5 ruthenium can be trapped by reduction in 
lOM, 4M or 3M hydrochloric acid while osmium is 
not, and instead is subsequently absorbed by 1: 1 
sulphuric acid-phenyldimethylamine mixture. 

Several extraction-spectrophotometric deter- 
minations of osmium that start with the tetroxide are 
reported to suffer no interference from Ru(II1) 
chloride, e.g., the anionic osmium-thiocyanate 
complex’58~‘69 and the neutral 2-mercaptobenzo- 

thiazole’49 and 2-mercaptobenzimidazole”’ com- 
plexes. Alternatively,75~‘7’ ruthenium may be extrac- 
ted quantitatively as the cationic thiourea complex, 

because in concentrated hydrobromic acid medium, 
the formation of an osmium-thiourea complex is 
inhibited. 

The tetroxides of ruthenium’57,‘72 and 
osmium’44~‘58~‘69~‘70~‘7~‘75 have been used for their pre- 
concentration, and the difference in their tendency to 
form extractable species can play a major role in their 
separation by organic solvents (Table 7). 

The thiocyanate concentration also appears im- 
portant in the formation of the extractable com- 
plexes.‘57 After distillation of the tetroxides and col- 
lection in 0.2M ammonium thiocyanate in 0.4M 
hydrochloric acid, osmium can be extracted quan- 
titatively with diethyl ether containing hydrogen per- 
oxide. If the conditions are then changed to 0.3M 
thiocyanate in 1M hydrochloric acid, ruthenium can 
then be quantitatively transferred into methyl iso- 
butyl ketone. In the presence of 0.04M thiocyanate, 
the extraction of osmium does not require addition of 
hydrogen peroxide,‘69 and although this was not 
reported, may in fact give a good separation from 
ruthenium. 

The presence of chelating agent and excess of 
chloride ion increases the difference in the rate of 
formation of the extractable neutral species of os- 
mium and ruthenium. For example, ruthenium can 
be separated from osmium by extraction into chloro- 
form after the formation of a rutheniumdiphenyl- 
thiourea74 or 2,4_thiosemicarbazide complex’59 at 
high hydrochloric acid concentration. 

The effect of neutral organic ligands and hydro- 
phobic anions such as Br-, SnCl;, SnBr;, etc. on the 
labile nature of the complexes and its contribution to 
the extraction of ruthenium and osmium with 
oxygen-containing solvents and liquid anion- 
exchangers still needs investigation. The tendency of 
osmium tetroxide to form more than one extractable 
species with thiocyanate,‘57.‘58*‘69,‘7G’79 whereas ruth- 
enium forms only one, may also be potentially useful. 

Other binary and multicomponent systems 

Although Pd-Pt, Rh-Ir, and Ru-OS are the com- 
mon pairs of platinum metals which often exhibit 
some difficulty in their separation, there are several 
other combinations which have been investigated, 
including those with multiple components. These 
separations use the electrostatic effects, kinetic effects, 
and selective oxidation, often in conjunction with one 
another for complex systems. 

Tetroxides. Ruthenium and osmium are commonly 
separated first from any of the other platinum metals 
because of their easy removal from the system as their 
tetroxides. The selective oxidation of ruthenium and 
osmium to the tetroxides and subsequent extraction 
by chloroform or carbon tetrachloride has been 
utilized for the separation of these metals from the 
rest of the platinum metals. Furthermore, the 
differences in the kinetic behaviour of these tetroxides 
toward reduction in acidic solutions has been used for 
the separation of ruthenium and osmium as discussed 
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above. Some of these procedures are summarized in 
Table 8. 

Electrostatic effects. The differences in the strength 
of interaction of the doubly and triply-charged chlo- 
ride complexes of platinum metals towards extrac- 
tants, either through the anion-exchange or 
hydration-solvation mechanism, have played an im- 
portant role in the separation of binary and multiple 
mixtures of these metals. Examples in which liquid 
anion-exchangers, including amines, quaternary am- 
monium salts and other nitrogen-containing as well 
as oxygen-containing extractants, are used, are sum- 
marized in Table 9. 

Kinetic eflects. The differences in the kinetic behav- 
iour of platinum metals in forming extractable species 
with hydrophobic anions and neutral ligands have 
also been very important in the separation of these 
metals. The labile character of the platinum metals 
decreases in the order Pd > Pt > Ru > Rh > Ir, with 
osmium between ruthenium and iridium, depending 
on the solution conditions. Several of the studies 
listed in Table 10 used these differences in the rate of 
formation of anionic and neutral species, and the 
tendency of rhodium for Rh(H,O)i+ formation. 

Combination eficts. The separation of multi- 
component sytems of platinum metals often uses a 
combination of more than one point of difference in 
the behaviour of their chloride complexes, such as the 
tendency to volatile oxides, the strength of interaction 
with anion-exchangers as well as oxygen-containing 
solvents, and lability in the formation of extractable 
anionic or neutral species. If osmium and ruthenium 
are present, they are commonly removed first by 
oxidation to their tetroxides. Several examples are 
tabulated in Table 11. 

More extensive investigations of the separation of 
anionic chloride complexes of uncommon binary and 
multicomponent systems of platinum metals are 
needed, utilizing the differences in their strength of 

interaction with quarternary ammonium salts and 
taking into account the effect of acidity, the 
oxidation-reduction nature of the aqueous phase, 
and the tendency to form cationic ammonium com- 
plexes. In addition, combinations of these effects in 
the back-extraction of platinum metals may provide 
more efficient methods. Several hydrophobic anions 
such as Br-, I-, SCN-, SnCl;, SnBr;, etc. and 
neutral organic compounds containing N, P, S, As, 
Sb, etc. may alter the lability of the platinum metals 
in formation of extractable species. A combination of 
such studies should generate more efficient methods 
for the separation of platinum metals in any combi- 
nation. 

In the years since the review by Beamish,‘” many 
investigators have provided new methods for iso- 
lating and separating the platinum metals. As he 
predicted, knowledge of the solution chemistry of 
these metals has allowed a somewhat more systematic 
approach to development in this area. However, there 
are still many reports which do not treat the platinum 
metal solution chemistry involved in the separations, 
or include methods where it is not clear. As suggested 
throughout this review, there still remain several 
areas of separation which need considerable in- 
vestigation and many where the chemistry of the 
method requires clarification. We expect that the use 
of newer instrumental techniques in conjunction with 
the standard methods will facilitate these studies and 
that the growing knowledge of the solution chemistry 
of these metals will continue to offer new and exciting 
answers for their separation and isolation. This ex- 
pectation seems justified by the recent report of the 
use of systematic solvent-extraction separation for 
production of high-purity platinum metals.*“’ 

Acknowledgement-This work was financially supported by 
the Natural Sciences and Engineering Research Council of 
Canada. 

Table 8. Solvent extraction of other platinum metal-mixtures, based on tetroxide extraction 

Metals 
separated* Oxidizing agent Organic phase Other information Reference 

Ru-Rh 

Ru-OS in a 
mixture of 
Pt-metals 
Ru-OS in a 
mixture of 
Pt-metals 

Carbon 
tetrachloride 

WSO& 

NaOCl 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

NaClO, + NaBrO, - 

Na,O, , NaOCl Carbon 
tetrachloride 

After RuO, extraction, Rh co-precipitated with 
Fe(OH),. redissolved in 6M HCI and senarated bv 
the’ anion-exchanger Deacidite FF (Cl-)- _ 

180 

From H,SO, solution, 96.2% Ru and 6% Rh were 
extracted 

181 

Afier ‘03Ru0, extraction, the solution was boiled to 182 
eliminate the contamination resulting from droplets of 
CCI, containing ‘03Ru0, and possibly some non- 
extractable tetroxide 

After simultaneous distillation of Ru and OS tetrox- 
ides, RuO, reduced selectively in HCI medium and 
0~0, redistilled and absorbed in ethanohc NaOH 
After simultaneous extraction of tetroxides at pH S-7, 
Ru recovered with 6M HCl saturated with SO, and 
OS recovered with 6M NaOH 

183 

184 

*Notation used: (-)means “separated from”. 
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Summary-This paper reports a new method for determining the stability constants of ternary complexes, 
based on analysis of isosbestic points. First, it is necessary to determine the absolute molar absorptivities 
of the various species concerned, then their concentrations and the stability constant. In this method, the 
approximate treatment of classical photometric methods is not required. The conditional constant can be 
c&ulated directly from the measured data 

Most spectrophotometric methods’m3 for the deter- 
mination of the stability constants of complexes are 
based on measurements made at an absorption peak. 
The parameters estimated by these methods are not 
always sufficiently accurate and are unsuitable for 
application to complicated systems,2@ so it seems 
desirable to find new methods based on other charac- 
teristics. 

The system9 copper-bipyridyl-Eriochrome Cy- 
anine R (Cu-Bpy-ECR) was chosen as the subject of 
investigation, because there are two different com- 
plexes (1: 1: 1 and 1: 1: 2) formed and it is not possible 
to obtain the stability constants by classical methods. 

The method suggested is based on analysis of the 
isosbestic points of the absorption spectra, from 
which the absolute molar absorptivities and the con- 
centrations of the species concerned can be obtained. 

EXPERIMENTAL 

Apparatus 

A Hitachi recording spectrophotometer, model 340, and 
a model pHs-2 pH-meter were used. 

Reagents 

The Eriochrome Cyanine R (ECR) was purified according 
to Dixon’s procedure,‘O by dextran column chro- 
matography, slightly modified,“,‘2 and was used to prepare 
a 2 x 10-3M standard solution with a final hydrochloric 
acid concentration of 0.008M. The other chemicals used 
were either of guaranteed grade or analytically pure. 

Precipitates are readily formed in the Cu-Bpy-ECR 
system. In order to prevent this precipitation, Ishida et ~1.~ 
added the non-ionic surfactant Triton X-100 as solubilizer. 
In our experience, this is ineffective when the 
[Cu-Bpy]:[ECR] ratio is greater than 3:4, or when the pH 

is lower than 9.6. We used an anionic surfactant (sodium 
dodecyl sulphate) instead. This gives a stable solution, even 
at pH somewhat lower than 9. 

Procedure 

To each of ten SO-ml standard flasks add a small amount 
of water, 5 ml of 0.1% surfactant solution, 4 ml of 
5 x 10m4M ECR, followed by various amounts of Cu-Bpy 
mixture (1: 1 v/v, each 5 x 10m4M) and 20 ml of buffer 
solution. Dilute the solutions to volume with water, mix 
well, and allow to stand for 10 min. Record the absorption 
spectra (with water as reference; l-cm cells) over the wave- 
length region 4OG620 nm. The ionic strength of the solution 
is controlled at 0.08M by the buffer solution. The pH is 
redetermined as a check after the measurement of absorb- 
ance. 

In this way the pH and concentrations of ECR (C,R) and 
surfactant (C;) are kept constant, and the concentration of 
CuBpy (Cf’) is increased gradually so as to obtain a set of 
absorption spectra (Fig. 1). Table 1 compares the data with 
literature values. 

CALCULATIONS AND DISCUSSION 

The composition of the complexes was studied in 
detail by earlier workers,’ and we did not repeat their 
work. 

Analysis of absorption spectra 

According to references 13 and 14, the isosbestic 
point E in Fig. 1 results from incorporation of ECR 
(with CuBpy) into a 1: 1: 2 complex. The chemical 
reaction should be: 

CuBpy + 2ECR + CuBpy(ECR), (I) 

CC?-Y) cc,” - 2Y) 01) 

837 
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Fig. 1. Absorption spectra for the Cu-Bpy-ECR system. 
pH = 10.41; p = 0.08M; T = 24 k 1”; C,R = 4.00 x 10-SM; 
C; = 0.01%; Cf’ (X 10-5M) for the curves: I--O, 24.500, 
3-1.00, 4-1.50, 5-2.00, 6-3.00, 7-3.50, 84.00, 

94.50. 10-5.00. 

Charges on the ions are omitted and y represents 
the concentration of the 1: 1:2 complex at equi- 
librium. Then the absorbance is 

A, = (c’-- 2?)y + tRC,R (1) 

where cY and cR are the molar absorptivities of the 
1: 1:2 complex and ECR respectively. The absorb- 
ance of CuBpy is practically zero in this region of the 
spectrum. 

At the wavelength of the isosbestic point (A,), 
t y = 2~ R. Therefore A, is constant and independent of 
y. Hence an isosbestic point appears (E). 

Correspondingly, the isosbestic point P is formed 
by the transformation of the 1: 1: 2 complex into the 
1: 1: 1. The reaction is 

CuBpy(ECR), + CuBpy + 2CuBpyECR(II) 

(fc; - fx) (Cl’ - fC,R - fx) (x) 

where fCf represents the concentration of CuBpy- 
(ECR), when CuBpy and ECR have been mixed in 
exactly 1:2 ratios and x is the concentration of the 
1: 1: 1 complex at equilibrium for reaction (II). The 
absorbance is 

A, = (6” - ;t’)x + +tYC,R (2) 

where tX represents the molar absorptivity of the 
1: 1: 1 complex. At 1, A, is constant and independent 
of x, because 6’ = %Y. Z 

Deduction and calculation of the absolute molar ab- 
sorptivity of the 1: 112 complex 

Two isosbestic points appear consecutively in 
Fig. 1 (E comes before P), which shows that reaction 
(I) takes place before (II). If these two reactions take 
place strictly in this order, then the equivalence point 
of reaction (I) must also be the starting point of 
reaction (II). Thus equations (1) and (2) both 
apply at the equivalence point. This is an over- 
simplification, of course, because it assumes that 
there is no overlap of the two equilibria (or that any 
overlap makes a negligible contribution to the data). 
In this case, y = ;C: (i.e., x = 0). Substituting into 
equations (1) and (2) respectively, we obtain 

A, = A,=ftYC; (3) 

A, and A, have the same form and can be used for 
any wavelength. That is to say, in principle the 
absorption spectrum of a solution of composition 
corresponding to the equivalence point will pass 
through both of the isosbestic points. It is very 
important to prove this relationship, since the ab- 
sorbance at an isosbestic point can be determined 
accurately. The value of Ct is known, so tY and t X can 
be calculated from equation (3). For example, at 
point P, in Fig. 1, A = 0.435 and tY = A&‘~ 
= 2.18 x lo4 l.molee’.cm-‘. It should be pointed out 
that such an absorption spectrum cannot be obtained 
in practice, for some dissociation of the complex will 
always occur. Thus, the absolute values of t y and t ’ 
at other wavelengths are difficult to obtain. 

Table 1. Comoarison of spectral characteristics with literature values 

Isosbestic point 
Complex 

Pure ECR ECR - 1:1:2 1:1:2 - 1:l:l 1.1.1 

&I,,> 1 IIIEIX~ 
Reference nm 

A 
2, nm A I, nm A m?l 

This paper 440 0.580 460 0.510 515 0.435 550 
9 440 0.420 460 0.360 515 0.370 550 
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Table 2. Values of j3r from the various curves (C,” = 4 x 10-sM; 
tY=3.18 x 1041.mole-‘.cm-‘; tR=3 x 1031.mole-‘.cm-‘) 

Curve A C!’ M I T Y. M B* 

2 0.193 3.00 x 10-e 4.62 x lO-6 1.3 x 10’0 
3 0.263 1.00 x 10-j 9.05 x 10-e 2.0 x 10’0 
4 0.322 1.50 x 10-s 1.28 x 10m5 2.8 x IO’O 

Calculation of the overall stability constant j$ of the 
1: 112 complex 

As discussed previously, ail curves passing through 
point E correspond to reaction (I), and therefore 
obey equation (1). If equation (1) is rearranged to 
give 

y = (A - E”C,“)/(C’- 2ER) (4) 

then tY is known, t R can be calculated from curve 1, 
and A is a measured value of each curve at 1,. Then 
y can be found. Since 

B = [C~BPY @WA = 
2 [CuBpy][ECR12 (Cl’ - y)& - 2~)~ (5) 

substitution ofy and the corresponding Cf’ from each 
curve leads to a set of values of p2. These are listed 
in Table 2. The mean value of /I2 is taken to be 
2 x 10’0. 

Calculation of the stepwise stability constants K, and 

K2 

Since pz is known, and p2 = K, K2, then if either K 

value is known, the other can be found. 
At the equivalence point there must be some degree 

of dissociation. Therefore curve 5 does not pass 
through the two isosbestic points but below them. In 
that case we can write the reaction as 

CuBpy (ECR) 2+C~BpyECR + ECR (III) 

fco”-x X X 

The absorbance is 

A’ = cY(;C,R -x) + XE~ + xcR 

=x(t”+P-Ey)+fcYC; 

At 1,, 6’ = fc”, so 

A’=fcyC,R+~(~R-;~Y) (6) 

*The conditional constants derived from curves 24 in 
Fig. 2a14 are 1.1 x 109, 3.9 x lo9 and 1.6 x lOi re- 
spectively. The constant calculated from Nazarenko’s 
results (Zh. Analit. Khim., 1969, 24, 536) is 9.6 x 109. 

or 

A ISOS -A’=x(ft~-ER) 

This gives x = 1.08 x 10e5M. Then, since 

(7) 

[CUBPY @CR), I 

K2 = [CuBpyECR] [ECR] 

K2 = 8.0 x lo4 and K, = 2.5 x lo5 

Thus, all the stability constants of the two complexes 
in this system have been obtained. 

Finally, it is worth noting that the values of D2 
given in Table 2 increase with the ratio 
[CuBpy]: [ECR]. When the same method is applied to 
a similar system-the binary complexing system of 
stepwise complexes’4-the same result is obtained.* 
Although conditional constants may vary somewhat 
with variation in the conditions, such a regularity 
merits further study. 

1. 

2. 

3. 
4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 
13. 

14. 

REFERENCES 

F. J. C. Rossotti and H. Rossotti, The Determination of 
Stability Constants, Chapters 3, 5 and 13. McGraw-Hill 
New York, 1961. 
H. M. Shi and X. W. He. Anal. Chem. (China), 1979, 
I, 228. 
E. Asmus, Z. Anal. Chem., 1960, 178, 104. 
W. A. E. McBryde, Talanta, 1974, 21, 979. 
J. S. Adsul and P. S. Ramanathan, Anal. Chim. Acta, 
1978, 101, 157. 
K. Momoki, J. Sekino, H. Sato and N. Yamaguchi, 
Anal Chem., 1969, 41, 1286. 
P. S. Ramanathan & A. P. Walvekar, Z. Phys. Chem., 
1976, 257, 801. 
X. L. Zhang, Chemistry of Complexing, p. 172. Metal- 
lurgical Ind. Pub. House, Beijien, 1979. 
R. Ishida, H. Narita and K. Tonasaki, Bull. Chem. Sot. 
Japan, 1978, 51, 1951. 
E. J. Dixon, L. M. Grisley and R. Sawyer, Analyst, 
1970, 95, 945. 
E. J. Langmyhr and T. Stumpe, Anal. Chim. Acta, 1965, 
32, 535. 
H. G. C. King and G. Pruden, Analyst, 1967, 92, 83. 
S. F. Zou and L. J. Dai, Acta Chimica Sinica, 1982,40, 
39. 
W. A. E. McBryde and G. F. Atkinson, Can. J. Chem. 
1961, 39, 510. 



Talanta, Vol. 31, No. IOA, pp. 84&841, 1984 
Printed in Great Britain. All rights reserved 

0039-9140/84 $3.00 + 0.00 
Copyright CI 1984 Pergamon Press Ltd 

SPECTROPHOTOMETRIC DETERMINATION OF ZINC WITH 
PHENYLFLUORONE IN THE PRESENCE OF 

HEXADECYLPYRIDINIUM BROMIDE AND PYRIDINE 

SATORU SAKURABA 

Industrial Research Institute of Aomori Prefecture, Fukuro-machi, Hirosaki-shi, 036 Japan 

(Received 9 January 1984. Accepted 1 May 1984) 

Summary-Phenylfluorone reacts with zinc in the presence of hexadecylpyridinium bromide and pyridine 
to form a water-soluble red chelate. The absorption maximum of the chelate is at 585 nm and its 
absorbance is constant in the pH range 7.7-8.2. At this wavelength, Beer’s law is obeyed up to 
1.53 x 10-5Mzinc. The sensitivity is very high and the molar absorptivity is 8.0 x 1041.molec’.cm-‘. The 
chelate has been utilized in the determination of zinc at the microgram level. The ratio of zinc to 
phenylfluorone in the complex is I : 1. 

Various 2,3,7-trihydroxyfluorone dyes substituted at 
the Cg carbon atom have been reported as colour 
reagents for spectrophotometric determination of 
metal ions; they include 2,3,7-trihydroxy-9- 
phenyl-6-fluorone (phenylfluorone).‘m3 The reactions 
of the dye molecule with vanadium(IV) at different 
pH values have been reported.4 Phenylfluorone and 
its metal chelates are soluble in ethanol, but the 
solutions are not stable, as a turbidity develops. 
When a cationic surfactant and a unidentate ligand 
such as pyridine or nitrite is added the turbidity does 
not appear. We have applied this reaction to the 
determination of cobalt,5 nickel6 and copper.’ Zinc 
reacts with phenylfluorone in the presence of hexa- 
decylpyridinium bromide and pyridine or nitrite to 
form a water-soluble red chelate. Pyridine is the more 
favourable because it gives a molar absorptivity that 
is nearly twice that obtained with nitrite. The spec- 
trophotometric determination of zinc by means of 
this colour reaction is described in this commu- 
nication. The molar absorptivity is 8.0 x lo4 
1. mole- ’ . cm-’ at the wavelength of maximum ab- 
sorption (585 nm), about 2.5 times that of the dith- 
izone or zincon complex. Moreover, this method is 
much simpler than the dithizone method since no 
extraction is required. 

EXPERIMENTAL Absorption spectra 

Reagents 

A standard stock zinc solution was prepared by dissolving 
4.40 g of analytical-reagent grade zinc sulphate in water and 
diluting to 1 litre, and diluted as required to give working 
solutions. A standard solution of phenylfluorone (PF) was 
prepared by dissolving a known amount of the reagent 
(Merck) in ethanol containing a few drops of concentrated 
hydrochloric acid. Aqueous 2.0 x 10-ZM hexadecyl- 
pyridinium bromide (HPB) and 2.48M pyridine (Py) solu- 
tions were prepared. A borate buffer was used. All the other 
reagents were of analytical-reagent grade. Demineralized 
water was used. 

The absorption spectra of the reagent blank and 
the zinc complex in the four-component system at pH 
7.9 are shown in Fig. 1. For comparison, the spectra 
for other combinations of zinc with the reagents at 
the same pH are also given. Zinc reacts with PF to 
form a red complex (L,,, 585 nm) in the presence of 
HPB and Py. A solution containing the Zn-PF 
complex is turbid, but addition of HPB and Py 
clarifies it. The red complex is formed only if both 
HPB and Py are added to the Zn-PF complex 

510 550 590 

Wavelength (nml 

Fig. 1. Absorption spectra of zinc complex and reagent. 
Concentrations of Zn(II), HPB, Py and PF 1.22 x 10-5M, 
2 x lo-‘M, 0.149M and 3 x 10-5M, respectively; pH 7.9; 1, 
reagent blank VS. water; 2, Zn-HPB-Py-PF; 3, Zn-Py-PF; 
4, Zn-PF; 5, Zn-HPB-PF. Reference, 2-5 reagent blank. 

Procedure 

Two ml of buffer solution, 2.5 ml of HPB solution, 1.5 ml 
of Py solution and 0.75 ml of PF solution were added to the 
sample solution, in that order. The absorbance was mea- 
sured at 585 nm against reagent blank after the solution had 
stood for 30 min at 25”. 

RESULTS AND DISCUSSION 

840 
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I I I I 
1 

n=l :x1@) 
3 4 

I I I 
1 2 

n=2(x10’“) 
3 

l/b” 
Fig. 2. Relationship between a/(,4 - A’) and l/b”. Concen- 
trations of Zn(II), HPB, Py and PF 6.12 x 10m6M, 
2 x lo-‘M, 0.149M and 7 x 10m6-4 x IO-‘M, respectively. 

0-O n = 1; 0-0 n = 2; measured at 585 nm. 

solution, and in the absence of either, the absorbance 
was only about a tenth of that of the red complex 
(Fig. 1, curves 3-S). The absorbance is maximal and 
nearly constant over the pH range 7.7-8.2. 

The calibration graph made under optimum condi- 
tions is linear up to 1.53 x lO_jM zinc concentration. 
The molar absorptivity at 585 nm is 8.0 x lo4 
l.mole-‘.cm-I. 

The Benesi and Hildebrand method’ was used for 
finding the composition of the complex. For a ZnL, 
complex (L = ligand) the following relationship may 
be derived: 

a/CA - A’) = {l/(6, - nt,)} + {K’/(q - m,)b”} 

where A is the absorbance of the solution measured 
against the reagent blank, a and b are the initial 
concentrations of zinc and reagent respectively. The 
values oft, and Q (~b = A’), are the molar absorp- 
tivities of the complex and reagent blank respectively 
at a constant pH value. Then if log a/(A - A’) is 

plotted against log l/b, the slope will be n. In Fig. 2, 
a/(A -A’) is plotted against l/b” for 585 nm. A 
straight line is obtained for n = 1. When a similar 
plot is made for varied concentration of Py 
(0.05-0.3M), a straight line is obtained for n = 2. 

Therefore it is concluded that a 1: 1: 2 complex is 
formed between zinc, PF and Py. 

Interferences 

Table 1 shows that alkali-metal, alkaline-earth 
metal, halide, sulphate and nitrate ions do not inter- 
fere. Vanadium(V), iron( cobalt, nickel, cop- 
per(II), aluminium and tin(IV) ions give some errors. 

Table 1. Influence of foreign ions on deter- 
mination of lO.Opg of zinc 

Amount Zn 
Foreign added, found, 

ion % i% 

Na+ 10.0 10.0 
Kf 10.0 10.0 
Mg2+ 10.0 10.1 
Ca2+ 10.0 10.1 
Ba2+ 10.0 9.9 
co2+ 10.0 8.4 
co2+ t 10.0 9.8 
Ni*+ 10.0 8.7 
Ni*+t 10.0 10.1 
cu2+ 10.0 8.0 
cu2+ * 10.0 10.3 
Al’+ 10.0 17.5 
Fe2+ 10.0 9.6 
Fe’+ 10.0 7.2 
Sn4+ 10.0 16.8 
V (V) 10.0 6.5 
MO (VI) 10.0 9.1 
NO; 10.0 9.9 
Cl- 10.0 9.9 
F- 10.0 9.6 
so:- 10.0 9.8 
PO:- 10.0 9.3 

*I ml of 10% hydroxylamine hydro- 
chloride solution was added. 

tin the presence of nitrite instead of pyri- 
dine, measurement at 565 nm. 

Iron(II1) and copper can be masked by reducing 
with hydroxylamine hydrochloride before colour de- 
velopment. Use of nitrite instead of Py completely 
eliminates the interference of cobalt and nickel (Table 
1) but the sensitivity is lower. The absorption max- 
imum of the nitrite complex is at 565 nm and the 
molar absorptivity 4.4 x 10” l.mole-‘.cm-‘. 
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Summary-The isocyano content of several cross-linked polymer samples, carrying ca. 0.5-3.0 mmole of 
isocyanide groups per gram, was determined by reacting the resins with excess of bromine in chloroform, 
then treating the unreacted bromine with potassium iodide and titrating the liberated iodine with 
thiosulphate. The method is not suitable for titration of soluble isocyanides, but for the determination 
of insoluble macromolecular isocyanides is more satisfactory than the thiocyanic acid method. 

Recently we have reported the synthesis of several 
types of isocyano polymer supports.’ These resins are 
currently employed for synthesis of peptides by four- 
component condensation* and immobilization of 
transition-metal complexes,3 and are potentially use- 
ful for enzyme-immobilization and general organic 
synthesis. Quantitative determination of functional 
groups on a polymer support4 is generally compli- 
cated, because of problems such as polymer swelling 
and partial inaccessibility of the reactive sites, as well 
as the technical difficulties in the monitoring of a 
reaction on a cross-linked polymer. However, the 
isocyano group can undergo many reactions,5 so 
there are many potential methods for its 

determination6 on a polymer support. This report 
gives the details of the determination of polymer- 
bound isocyanides by bromination, and suggests 
alternative methods based on transition metal co- 
ordination. 

EXPERIMENTAL 

Preparation of thiocyanic acid in chloroform 

A solution of 1.25 g (20 mmoles) of ammonium thio- 
cyanate in 20 ml of water is stirred with 15 ml of chloroform 
in an ice-bath, then 10 ml of 2M sulphuric acid are added 
dropwise. The chloroform solution is separated, and the 
aqueous solution is extracted with three lo-ml portions of 
chloroform. The combined chloroform solution is dried 
over anhydrous magnesium sulphate, and stored in a dark 
bottle. Titration of the chloroform solution with O.lM 
triethylamine in ethyl acetate shows a thiocyanic acid con- 
centration of 0.35M. This decreases to 0.255M within 24 hr 
and to 0.228M in 48 hr, but then remains practically 
unchanged. 

Determination of isocyano polymers with thiocyanic acid 

The polymer (100 mg) is added to the thiocyanic acid 
solution in chloroform (5 ml were used for samples l-3 and 
1 ml was used for 4 and 5) and is allowed to react for 2 hr. 
The mixture is then diluted with ethyl acetate and dimeth- 
ylformamide (5 ml of each were used for samples 1-3, and 
1 ml of each for samples 4 and 5). An indicator (four drops 
of 0.2% Neutral Red/O.Z% Methylene Blue in methanol) is 

added, and the mixture is titrated with 0.1 M triethylamine 
to a green colour. 

Determination of isocyano polymers by bromination 

The polymer (100 mg) is swollen in 5 ml of chloroform 
for about 10 min, then bromine (up to 3.5 ml of O.lM 
solution in chloroform) is added, and the mixture is stirred 
for 30 min. Potassium iodide solution (5Y. 5-7 ml) is added. 
and the mixture is stirred vigorously for” 30 min; and then 
titrated with O.lM sodium thiosulphate to a pale yellow 
colour. The indicator (two drops of 0.5% starch solution) is 
added and the titration continued (usually over a period of 
about 3&40 min) with vigorous stirring until the 
starch-iodine colour persists for about 5 min. The for- 
mamide precursor of the isocyano resin is treated similarly. 

RESULTS AND DISCUSSION 

The reaction of isocyanides with bromine was 
described by Nef’ in 1882 and shown to proceed 
according to equation (1) without any side-reactions. 
In principle this reaction is ideal for determination of 
polymer-bound isocyano groups, since the polymer 
can be treated with excess of bromine, followed by 
titrimetric determination of unreacted bromine [see 
equations (2) and (3)].8 

R-NC + Br,+R-N = CBr, (1) 

Br, + 21-+2Br- + I, (2) 

I, + 2s,o:-+21- + s,o;- (3) 

The method is not suitable for determination of 
soluble isocyanides because the starch-iodine end- 
point is obscured by the colour of the brominated 
product, but is particularly useful for determination 
of polymer-bound isocyanides, because the reaction 
can be done in chlorinated solvents such as chloro- 
form, which are good solvents for practically all types 
of isocyano polymer supports. The brominated poly- 
mer is insoluble and does not interfere with the 
end-point. The method is not altogether satisfactory, 
however, because both bromine and iodine are sor- 
bed by the cross-linked resin. A further complication 
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is the reaction of bromine with residual double bonds 
of the polymer backbone; this can cause consumption 

of up to about 0.5 mmole of bromine per gram of 
polymer. The first problem is overcome by vigorous 
mixing and allowing longer times for the oxidations 
and reductions and the second problem is solved by 
titration of the formamide precursor of the isocyano 
resin. 

A procedure reported previously,6 based on the 
simpler reaction of isocyanides with thiocyanic acid 
in ethyl acetate, was found to be less suitable, because 
most isocyano polymers’ do not swell adequately in 
ethyl acetate. Modification of this procedure by using 
chloroform as the solvent also appears to be less 
satisfactory, primarily because of the low solubility of 
thiocyanic acid in chloroform (see below). 

The results of estimation of the isocyano content of 
five polymer samples by the two methods are given 
in Table 1. The bromine method is somewhat labori- 
ous, but according to the results presented in Table 
1, it provides a highly reliable method for deter- 
mination of polymer-bound isocyano groups. In the 
case of the thiocyanic acid method, more satisfactory 
data are obtained for polymers with low degrees of 
substitution. It should also be noted that the infrared 
spectra of the resin samples reacted with thiocyanic 
acid were not always consistent with the single reac- 
tion pathway observed in the case of soluble iso- 
cyanides.6 

Polymer-bound isocyano groups are readily co- 
ordinated by various transition metals3 For example, 
when resin sample 1 is reacted with excess of K,PdCl, 
or Pd(PhCN),Cl,, the corresponding bis-co-ordinated 
palladium derivative is obtained.3 This complexation 
by palladium(I1) (and probably by other metals) may 
provide a more convenient route for the deter- 

Table 1. Titration of oolvmer-bound isocvanides 

NC content, mmolelg 

Resin* Theory Br, method HSCN method 

1 2.58 2.60 2.84 
2 2.00 2.00 2.23 
3 2.86 3.00 
4 0.57 0.50 0.43 
5 0.51 0.47 0.47 

*Prepared by copolymerization of dimethylacrylamide, 
3-formamidopropyl acrylate, and bis-acrylamide cross- 
linkers, followed by treatment with tosylchloride in 
pyridine (cf ref. 1). 

mination of polymer-bound isocyanide through 
either determination of the excess of metal in solu- 
tion, or of the metal complexed by the polymer. This 
method has been examined for samples 1 and 2, and 
has been found to give fairly good agreement with the 
theoretical values and those of the bromine method. 
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Summary-The use of ion-exchanger calorimetry for determination of microamounts of iron in water with 
3-(2-pyridyl)-5,6-bis(4-phenylsulphonic acid)-1,2,4-triazine disodium salt as colour reagent is described. 
The advantages are the high sensitivity, ease of operation, good reproducibility, and simplicity of 
apparatus. Also, because of concentration by the ion-exchanger resin the detection limit of the method 
may be as low as the pg/ml level. 

3-(2-Pyridyl)-5,6-bis(4-phenylsulphonic acid)-1,2,4,- 
triazine disodium salt (“Ferrozine”, abbreviated to 
PPST) is a highly sensitive reagent for iron( usable 
even in strongly alkaline medium.’ It is easily soluble 
in water, in which it is fully dissociated.* At pH 4-9 
it reacts with iron(I1) to form a stable magenta 
complex which is very soluble in water. The reaction 
may be expressed as 

Fe*+ + 3 Ferroz*- __L _ Fe(Ferroz)i 

The complex has its absorption peak at 562 nm, the 
molar absorptivity being 2.79 x lo4 1 .molee’.cm-‘. 

The complex anion can be quantitatively sorbed by 
an anion-exchange resin, which provides the possi- 
bility of determining iron(I1) by a direct calorimetric 
method.3 For determination of total iron any 
iron(II1) must be reduced to iron(I1); hydroxylamine 
hydrochloride can be used for this purpose. 

EXPERIMENTAL 

Reagents 

Standard iron stock solution (1 mg/ml). Dissolve 
O.lOOOg of pure iron wire with lOm1 of hydrochloric acid 
(1 + 1) and dilute the solution to volume in a IOO-ml 
standard flask. 

Standard iron solution (10 nggiml). Dilute 1 ml of the 
standard iron(H) stock solution to volume in a lOO-ml 
standard flask with water after addition of 2 ml of hydro- 
chloric acid (1 + 1). 

PPST solution, 0.5%. 
Hydroxylamine hydrochloride solution, 10% 
Anion-exchange resin. The resin (2CMO mesh, Cl- form) 

used was no. 717, produced by the Shanghai Resin Factory; 
it is a strong-base resin, equivalent to Dowex 1 or Deacidite 
FF. When new resin is to be used it should be soaked in 
water for 24 hr and then washed repeatedly. All small 
particles and inclusions should be removed and the resin 
dried with filter paper and stored in a polyethylene con- 
tainer. 

Analytical-grade chemicals and demineralized water 
should be used. 

Procedure for determination of iron 

Take 100 ml of sample solution containing not less than 
0.5pg of iron(H) and at pH 4-9 in a 250-ml Erlenmeyer 
flask fitted with a ground-glass or plastic stopper. Add 1 ml 

of O.S”‘O PPST solution and mix. After 10 min the solution 
will be magenta in colour. Then add 1.5 g of anion-exchange 
resin and shake the flask mechanically for 30 min. The resin 
will take up the magenta colour. Withdraw the resin with a 
dropper and put it into a 0.5-cm glass cell, ensuring that it 
is evenly packed. Measure the absorbance at 575 nm against 
a resin blank. 

Determination of iron in drinking water 

Take a series of six equal samples of water (containing not 
less than 0.5 or more than 5 pg of iron) in 500 ml Erle- 
nmeyer flasks fitted with ground-glass or plastic stoppers. 
Add 1.5 ml of 10% hydroxylamine hydrochloride solution 
to each to reduce iron(II1). Adjust the pH to 4-9 if 
necessary. Add 0, 1,2, 3,4, 5 pg of iron( dilute to 250 ml, 
add 1 ml of PPST solution to each flask, and let the colour 
develop. Shake each solution with 1.5 g of resin for 30 min 
and complete the determination as above. Plot the absorb- 
ance against weight of iron(I1) added and determine the 
iron(I1) in the sample by extrapolation in the usual way for 
the standard-additions method. 

Seriously polluted water samples should be digested with 
5 ml of hydrochloric acid (1 + 1) for every 30 ml of water 
sample, then filtered before determination of the iron. 

RESULTS AND DISCUSSION 

Figure 1 shows that the wavelength of maximum 
absorption is 575 nm, a 13-nm displacement from 

01 I- i \\ 

I I 1 \\-, 

420 500 600 700 000 

X (nm) 

Fig. 1. Absorption spectra of Fe2+-PPST by ion-exchange 
calorimetry. I, 5 pg of Fe2+; II, 10 pg of Fe*+; 

i,,, = 515 nm. 
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Table 1. Effect of foreign ions on de- 
termination of 5.0 pg of iron(B) 

Fe’+ 
Ion Added, mg found, pg 

- 5.0 
Cr3+ 0.40 4.9 

04 

/ 
.-._ - - 

! 
x 02 

/ 
$ 

2 I 

Mn” 

coz+ 
Cl?+ 
Zn2+ 

CdZ+ 
Pb2+ 

Al’+ 
Ca*+ 
Mg*+ 

0.80 5.0 
0.80 5.0 
1.00 4.9 
0.20 5.3 
0.20 5.0 
0.20 4.9 
0.40 4.9 
1 .oo 5.0 
0.20 5.0 
1 .oo 4.9 
0.10 5.2 

10.0 5.0 
10.0 5.0 

A,,, for the complex in solution.2 Figure 2 indicates 
that the ion-exchange step takes 30 min to reach 
completion. Figure 3 shows that the absorbance 
obtained is practically independent of pH over the 
range 4-9, the range needed for forming Fe(Ferro$ 
in aqueous solution. The calibration graph is linear 
up to an iron concentration of 0.1 pg/ml in the 
sample solution. 

The effect of various metal ions is given in Table 
1. When more than 50 pg of nickel is present the 
colour is unevenly distributed on the resin and the 
measurement is adversely effected. Silver interferes if 

0 - 20 

Time ImInI 

Fig. 2. Effect of shaking time. 

06 
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i 

0 

02 

0 
2 4 6 6 10 12 14 

PH 

Fig. 3. Effect of pH on the ion-exchange. 

silver chloride is precipitated by the chloride released 
in the ion-exchange. 

By this method the minimum iron content de- 
tectable is l-2 ng/ml in the test solution. The recovery 
exceeds 98%. 
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Sununary-A method has been developed for obtaining a clear solution of columbite-tantalite samples 
in nitric acid medium before the fluorimetric estimation of uranium. Ammonium hydrogen fluoride is used 
to keep tantalum, niobium and titanium dissolved in the acid medium. The excess of fluoride is complexed 
with boric acid. The method has been successfully applied to a number of synthetic and natural 
columbite-tantalite samples. 

The fluorimetric method for the determination of 
uranium is widely used because of its high sensitivity. 
The published methods’,2 for the determination of 
uranium in columbite-tantalite samples involve 
separation of the uranium by filtration from the 
gelatinous hydrous tantalum, niobium and titanium 
oxides that are formed in acid solution. This is a 
time-consuming step and there is risk of loss of 
uranium by retention in the precipitate. It was 
observed that the occluded uranium cannot be 
completely removed by washing. This prompted us to 
seek a new approach by which the tantalum, niobium 
and titanium would be kept in solution in the acid 
medium. Since all three elements form soluble 
fluoro-complexes, ammonium hydrogen fluoride is 
added to obtain a clear solution of the columbite- 
tantalite sample after its fusion with sodium peroxide 
and taking up of the cooled melt with nitric acid. The 
excess of fluoride is complexed with boric acid, and 
the uranium content is then determined by the 
fluorimetric method2,3 after its separation by ethyl 
acetate extraction from a solution saturated with 
aluminium nitrate as salting-out agent. 

Procedures 

EXPERIMENTAL 

Conventional extraction .fluorimetric method. A 0.500-g 
synthetic sample was treated with 15 ml of concentrated 
hvdrofluoric acid and 5 ml of nitric acid in a platinum dish, 
and the solution evaporated to dryness. The residue was 
digested with dilute nitric acid, the solution filtered and the 
residue washed and then ignited at 650-700”. The product 
was fused with 8 g of sodium peroxide and the cooled melt 
taken up with the original filtrate. The solution yielded a 
hydrolysed precipitate on acidification. This mixture was 
boiled for 15 min and filtered, the residue being repeatedly 
washed with hot 5% nitric acid (about 300 ml) in batches of 
15-20 ml in order to remove the uranium from the precip- 
itate. The filtrate was concentrated and nearly neutralized 
with -7M ammonia solution, then acidified with concen- 
trated nitric acid to give a final acidity of N 1.6M (- 10% 
v/v nitric acid) when diluted to a standard volume. The 

uranium was extracted by shaking a 3-ml portion of this 
solution for 2 min with 10 ml of ethyl acetate after addition 
of I5 ml of saturated aluminium nitrate solution as salting- 
out agent. The uranium was determined fluorimetrically2,3 as 
follows. 

About 5 ml of the ethyl acetate layer was filtered through 
a Whatman No. 40 filter paper (7 cm) to free it from traces 
of moisture. Aliquots of 0.1 of this solution were taken in 
5 small platinum dishes (capacity 0.5 ml, diameter 1 cm) 
containing a drop of water, and dried under an infrared 
lamp. Eaih residue was fused at -670” with a 0.4 g pellet 
of finelv nowdered flux (NaF. Na,CO, and K,CO, in w/w < * ~ a , , 

ratio I : 5: 5) for 3 min in a muffle furnace. The’ dishes were 
then cooled in a desiccator to room temperature (15 min). 
The fluorescence of the button was measured in a fluori- 
meter (exciting radiation 365 nm, fluorescence radiation 555 
nm) and compared with that of standard buttons (O.Oll 
0.1 ng of uranium) prepared in a similar way. Corrections 
were made for the fluorescence of the flux. 

Proposed method. A 0.500-g sample was fused with 8 g of 
sodium peroxide in a nickel crucible to give a clear red melt. 
The cooled fused mass was taken up in 40 ml of 8M nitric 
acid. This process resulted in hydrolysis of the tantalum, 
niobium and titanium present. The solution and precipitate, 
after boiling, were transferred into a polythene beaker and 
treated with just sufficient ammonium hydrogen fluoride to 
dissolve the hydrolysis products. The solution was warmed 
on a water-bath for IOmin. It was then nearly neutralized 
with - 7M ammonia solution, and 5 ml of saturated boric 
acid solution were added, followed by concentrated nitric 
acid to give a final acidity of - 1.6M after dilution to 
standard volume. This solution was analysed for uranium 
fluorimetrically, as described above. 

RESULTS AND DISCUSSION 

Preliminary studies to determine whether the 
amount of fluoride required to keep niobium and 
tantalum in solution would affect the extraction of 
uranyl nitrate into ethyl acetate from 1.6M nitric acid 
containing saturated aluminium nitrate as salting-out 

agent, showed that up to 10% of ammonium hydro- 
gen fluoride would not interfere in the extraction of 
at least 13Opg of uranium. Under these conditions, 
at least 5 mg of tantalum, 2 mg of niobium, 1 mg each 
of iron(III) and manganese(H) and 0.5 mg of 
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Table 1. Recovery of uranium from synthetic tantalite* and columbitet samples 

U,O, found, % 

Tantalite samples Columbite samples 

U,O, taken, Conventional Analysis of Proposed Conventional Analysis of Proposed 

% method the residue method method the residue method 

0.010 0.010 0.001 0.010 0.010 0.001 0.010 
0.040 0.037 0.004 0.040 0.036 0.003 0.039 
0.200 0.187 0.013 0.201 0.196 0.005 0.202 
0.500 0.451 0.040 0.492 0.453 0.016 0.490 
0.750 0.734 0.015 0.750 0.720 0.020 0.747 
1.000 0.779 0.183 0.950 0.926 0.062 1.020 

*Approximate composition (%) 53.5 Ta,O,, 27.2 Nb,O,, 11.9 Fe,O;, 5.7 MnO,, 0.3 WO,, 0.1 SnO, and 1.0 TiO,. 

tApproximate composition (%) 55.5 Nb,O,, 22.1 Ta,O,, 8.1 Fe,O,, 12.5 MnO,, 0.5 WO, and 1.0 TiO,. 

Table 2. Analyses of six natural columbite-tantalite samples by 
conventional and proposed methods 

Contents, % U,O, found, % 

No. TaA NW, TiO, 

1. 49.2 26.0 1.0 
2. 8.0 61.9 1.3 
3. 22.7 36.2 2.6 
4. 54.9 26.6 1.0 
5. 17.3 45.4 3.0 
6. 24.2 42.5 1.5 

Conventional Proposed 
method method 

0.048 0.058 
0.164 0.186 
0.197 0.214 
0.056 0.060 
0.191 0.230 
1.550 1.610 

titanium(IV), which are usually found in columbite- 
tantalite minerals, can be present during the extrac- 
tion step, either individually or in combination, with- 
out causing significant error in the result. Further- 
more, boric acid can be used to complex the excess 
of fluoride without interfering in the extraction of 
uranium. In the presence of fluoride and boric acid, 
the solution becomes slightly turbid on addition of 
the aluminium nitrate solution, but this does not 
affect the extraction. 

Tables 1 and 2 show the results obtained when the 
proposed method was applied to a series of synthetic4 
columbite and tantalite samples, in which the added 
uranium was varied from 0.01 to l%, and to natural 
samples, respectively. They also show the results 
obtained by the conventional ethyl acetate extraction 
method. The results show that the proposed method 
gives slightly higher results, which we ascribe to losses 
in the conventional method owing to occlusion of 
uranyl species in the gelatinous hydrolysis products. 
This was further confirmed by analysis of the residue 
for uranium, after dissolution in ammonium hydro- 
gen fluoride solution. The occlusion found was higher 
for tantalite samples than for columbite samples. The 

higher retention of uranyl ion by the hydrated tanta- 
lum pentoxide can be attributed to the greater cation- 
exchange behaviour of the latter.5 Similar behaviour 
was also exhibited in the analysis of the natural 
columbite-tantalite samples (Table 2). 

Replicate analysis, by the proposed method, of a 
natural sample of columbite-tantalite containing 
0.183% UJO,, gave a standard deviation of 0.004%. 
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Summary-A rapid spectrophotometric method has been developed for microdetermination of Te(IV) 
after co-precipitation of its morpholine-4-carbodithioate complex on microcrystalline naphthalene and 
subsequent dissolution in chloroform. The molar absorptivity at 415 nm is 9.18 x lO’I.mole-‘.cm-‘. 
Beer’s law is obeyed over the range 5-75 ng of Te(IV); 25.0 fig of Te(IV) in 10.0 ml of final solution gives 
a mean absorbance of 0.180 with a relative standard deviation of 0.55°/0. The method has been tested for 
determination of tellurium in some alloys and synthetic mixtures. 

Morpholine-4-carbodithioate was suggested as an 
analytical reagent by Beyer and Ott’ for 
spectrophotometric23 and titrimetric4 determination 
of certain metals. In this communication, a spec- 
trophotometric method for the determination of tel- 
lurium after adsorption of its morpholine-C 
carbodithioate on microcrystalline naphthalene is 
described. In comparison with extraction into molten 
naphthalene,5 the method is rapid, sensitive, more 
convenient and less expensive. 

EXPERIMENTAL 

Reagents 

A solution of analytical grade potassium tellurite was 
prepared in distilled water and standardized.6 Potassium 
morpholine-4-carbodithioate was prepared by the method 
given by Marcotrigiano et al.’ and used as a 0.2% solution 
in distilled water. Naphthalene and chloroform of reagent 
grade were checked spectrophotometrically before use. 
Dilute solutions of ammonia and perchloric acid, and 0.2M 
acetate buffer, were used for pH adjustment. 

Procedure 

In a stoppered Erlenmeyer flask take a volume of sample 
solution containing up to-75 ng of Te, add 1.0 ml of O.i% 
reagent solution. 2.0 ml of 0.2M buffer solution of nH 5.1, 
dilite to about 30 ml and add 5 ml of 1M potassium-nitrate. 
Then add 2 ml of 20% solution of naphthalene in acetone 
in a fast stream and shake the mixture vigorously for 1-2 
min. Collect the solid on a Whatman (No. 1042) filter paper, 
wash it two or three times with distilled water, drain it dry, 
dissolve it in chloroform and make up the solution to 
volume in a IO-ml standard flask. Dry the solution with 2 
g of anhydrous sodium sulphate and measure the absorb- 
ance at 415 nm against a reagent blank prepared in a similar 
manner. 

*Faculty of Engineering, Fukui University, Fukui 910, 
Japan. 

tAuthor for correspondence. 

RESULTS AND DISCUSSION 

The absorption spectra of the reagent and its 
tellurium complex in naphthalene/chloroform solu- 
tion measured against water and a reagent blank 
respectively, are shown in Fig. 1. The Te(IV) complex 
absorbs at 415 nm, but the reagent absorbs negligibly 
at this wavelength. The absorbance remains constant 
for only 2 hr, so measurements should be made 
within that period. Co-precipitation of the tellurium 
complex, with microcrystalline naphthalene, is quan- 
titative over the pH range 4.0-6.4 (Fig. 2), and for 
25.0 pg of Te(IV) under optimum conditions a 
minimum of 0.1 ml of 0.2% reagent solution is 
necessary, but the volume of the aqueous phase 
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Fig. 1. Absorption spectra of reagent measured against 
water (-) and Te(IV) morphohne-4-carbodithioate com- 
plex in naphthalene/chlorofo-rm solution measured against 
reagent solution in water (---). Te 25.0 na, 2.0 ml of 0.2% 
reagent solution, aqueous phase volume %-ml, pH 5.16, 210 

ml of 20% naphthalene solution in acetone. 
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Fig. 2. Effect of pH. Conditions as for Fig. 1. 

should not exceed 30 ml. The co-precipitation of the 
complex with microcrystalline naphthalene is prac- 
tically instantaneous. Hence a shaking time of at least 
15 set should be adequate, but shaking for l-2 min 
is recommended for safety. 

Effect of electrolytes 

For quantitative co-precipitation the presence of 
an inert electrolyte such as sodium chloride, 
perchlorate or acetate, or potassium nitrate, seems 
essential. An electrolyte concentration of O.OSM is 
adequate, and higher concentrations have no further 
effect, so addition of 5 ml of 1M inert-electrolyte 
solution is recommended. 

Under the optimum conditions the calibration 
graph is linear over the concentration range 5.0-75 
pg of Te(IV) in 10.0 ml of the final solution. 

Eflect of diverse ions 

The following (in the amounts shown in parenthe- 
ses) do not interfere: Pb, Cd, Hg(II), Bi, As(III), 
Sb(III), Pd(II), Co(I1) and Cr(II1) (0.8 mg each); Mg, 
Zn, Ru, Rl, W, MO, U(VI), Au(III), Pt(IV), V(V) 

Table 1. Determination of tellurium in synthetic mixture Analysis of alloys 

Te taken, 
&? 

Foreign ions 
added, 

mg 
Te found,* 

&? 

8.0 

10.0 

20.0 

25.0 

35.0 

Se 5.0 
Zn 800 
Mg 300 

SiO$- 500 
Se 10.0 
Zn 800 
Mg 800 

SiO:- 800 
Se 60.0 

Zn 1000 
Mg 800 

VO; 800 
Se 500 

Zn 1000 
vo; 500 
SiO:- 300 

Se 50.0 
Mg 500 

SiO:- 500 
Al 1000 

7.9-8.1 (8.0) 

9.9-10.1, (10.0) 

19.7,-20.1, (19.9) 

24.8,-25.3 (25.1) 

348-35.4 (35.1) 

*Range of 5 determinations (mean in brackets). 

Table 2. Determination of tellu- 
rium in synthetic samples (Te 
0.65x, Cu 5.75x, Ni 12.2x, Co 
5.5x, S 9.0x, P 1.6X,, Na 

14.1x, Fe 51.2%); 

Te taken, Te found,? 
p&z ng 

10.0 10.0 (9.8,-10.1,) 
15.0 15.5 (14.8,-15.2) 
20.0 19.9 (19.7,20.1) 
25.0 25.1 (24.8-25.2,) 
30.0 30.1 (298-30.2,) 

*Stock solution standardized 
by atomic-absorption spec- 
trophotometry. 

tAverage of 5 determinations, 
range given in brackets. 

Table 3. Analysis of copper alloys for tellurium 

Tellurium content, % 

Sample Present method* Certified value 

1 1.08 k 0.007 1.06 
2 0.492 k 0.005 0.51 
3 0.098 f 0.002 0.10 

*Mean and standard deviation of ten replicates. 

and Ag (1.0 mg each); Se (0.1 mg); Fe(II1) (0.5 mg). 
Ni and Cu interfere but can be masked by adding 15 
ml of 10% sodium cyanide solution before the co- 
precipitation. Sodium chloride, oxalate, acetate and 
sulphate and potassium bromide and tartrate (35 mg 
each), potassium iodide and sodium carbonate (50 
mg each), sodium dihydrogen phosphate (40 mg), 
potassium thiocyanate and sodium citrate (30 mg 
each), sodium fluoride (23 mg) and disodium EDTA 
(10 mg) are also tolerated. 

Dissolve a 0.1-0.2 g sample of the alloy by heating 
for 20-30 min with 20 ml of concentrated nitric acid 
or of aqua regia (3:1 HCl-HN04), cool, dilute with 
water, filter, and make up to volume in a 200-ml 
standard flask. 

Take an aliquot of this solution, containing up to 
75 pg of tellurium, and adjust it to pH 5.2 with 2.0 
ml of the acetate buffer and dilute ammonia solution. 
Add 15 ml of 10% sodium cyanide solution to mask 
copper (if present). Dilute to 30 ml, add 5 ml of 1 .OM 
potassium nitrate and 2.0 ml of 0.2% reagent solution 
and complete the determination as already described. 
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CHARACTERIZATION OF REFERENCE MATERIALS 

ROBERT REJ and RICHARD W. JENNY 
Wadsworth Center for Laboratories and Research, New York State Department of Health, 

Albany, NY 12201, U.S.A. 

JEAN-PIERRE BRETAUDIERE 
Department of Pathology and Laboratory Medicine, The University of Texas Medical School, 

Houston, TX 77025, U.S.A. 

(Received 24 May 1984. Accepted 12 June 1984) 

Summary-Reference serum preparations are key components of internal and external quality-control 
programmes. These materials are often poorly characterized, and use of inappropriate specimens may 
result in erroneous conclusions regarding quality of laboratory data. Several techniques are described that 
characterize specimens used in the quality-control or calibration of laboratory procedures. A characteristic 
approach requires detailed study of a few fundamental characteristics of reference preparations-such as 
steady-state kinetic properties of an enzyme-and comparison with the same parameters determined for 
patient specimens. Descriptive techniques-ratio methods and the multivariate statistical procedure of 
correspondence analysis-are used for further description of the interactions of materials in a variety of 
assav methods. The annlications of these Drocedures to two clinical analytes-theophylline and alkaline 
phosphatase-are de&bed. 

The fundamental objective of statistical quality- 
control programmes in the clinical laboratory is to 
characterize the analytical process accurately and 
thereby provide information regarding the quality 
of results reported for clinical specimens. This in- 
formation may be used for a number of purposes. 
An internal quality-control programme may provide 
information about the routine performance of an 
analytical technique-and thereby serve as a basis 
for selection of one among many procedures 
available-or give on-line monitoring of an ana- 
lytical process in which acceptance of a result de- 
pends on whether it falls within predetermined limits. 
External quality-control provides a basis for indepen- 
dent characterization of laboratory performance and 
gives information on the reliability of test procedures 
in various locations and in laboratories with different 
backgrounds. External quality-control programmes 
serve, in some instances, for the determination of 
acceptability, licensing, or eligibility for reim- 
bursement for laboratory services. 

The reliability of this assessment of quality is 
dependent on a variety of factors, but the key to the 
success of all these schemes is that the reference 
materials used simulate as closely as possible the 
clinical specimens analysed. This facet of quality 
control is often (incorrectly) assumed or (equally 
erroneously) overlooked in both internal and external 
quality-control programmes. The scope of this paper 
is the review of criteria for materials used in clinical 
laboratory quality-control programmes and to pro- 

Portions of the introductory material in this paper were 
included in a paper in Clin. Chem., 1981, 27, 798 and 
are adapted here with permission. 

vide a basis on which their acceptibility can be 
judged. 

Various types of reference materials are currently 
used in quality control programmes,‘-9 and differ 
in their basic composition and physical character. 
Specimens may be prepared from human serum, 
plasma that has been “converted” into a serum- 
like state, various animal sera, albumin solutions, 
or synthetic substances, and are distributed in the 
dry or liquid state. Because stability is a prime 
requirement for such specimens, most are in lyophi- 
lized form. Unfortunately, freeze-drying alters certain 
physicochemical properties of biological materi- 
als.‘0-‘2 for example, human lipoproteins are irre- 
veisibly denatured, and consequently serum viscosity 
may be changed, serum turbidity increased,“.14 and 
the spectral properties altered.r5 Removal of lipo- 
proteins prior to lyophilization,‘4.‘6 or addition of 
sucrose” in order to minimize specimen turbidity, 
also results in materials that are fundamentally 
altered. Other typical treatments of quality-control 
sera include dialysis and addition of matrix expan- 
ders, preservatives, antimicrobial agents, surfactants, 
and clarifying agents.‘“20 

Concentrations of constituents are also often 
altered by attempts to obtain reference specimens 
with analyte concentrations outside the “normal” 
ranges. Such specimens, usually prepared by dilution 
or by addition of pure materials to a normal speci- 
men, may differ from the sample sera because metab- 
olites or other substances are lacking. Therefore, in 
use of a non-specific method that is influenced by one 
or several metabolites, the results for such a supple- 
mented quality-control material will not be affected 
in the same way as those for a patient’s serum. Such 
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effects are related to the matrix of the reference 
material-a term which in this article will be used to 
describe the principal constituents of the material. 
The major components of the matrix (serum; specific 
serum proteins, such as albumin; synthetic expanders 
such as polyvinylpyrrolidone) may differ from native 
serum in viscosity, physical interaction of low 
molecular-weight substances with proteins, and Don- 
nan and other charge-related phenomena.*‘,** Finally, 
the pH of some lyophilized control materials differs 
significantly from that of normal or patients’ sera.9,23 
Differences between the matrixes of commonly used 
lyophilized materials and clinical specimens are evi- 
dent in Table 1. 

In addition to the matrix, the analyte in the 
reference material may be quite different from that in 
the clinical specimen. Enzymes of animal origin are 
often added to such control preparations26-33 and the 
properties of at least a portion of these enzymes are 
known to differ from those of human serum enzymes 
with respect to optimal substrate concentrations, pH, 
effects of inhibitors, and related factors. A simple 
example of errors introduced by such differences is 
provided in Fig. 1, where the hypothetical response of 
the activity of three enzymes to an assay parameter 
is presented. If the assay concentration of this param- 
eter were increased by the increment shown, each 
material would respond differently. A negligible de- 
crease is found for enzyme A; enzyme B (here for 
discussion purposes considered to be the response of 
the enzyme found in human serum) shows a moderate 
decrease, and enzyme C an exaggerated decrease. Use 
of enzyme A in a control material would tend to mask 
the effects of assay variables and would be least 
appropriate for quality-control reference prepara- 
tions. The ideal control material would have a re- 
sponse similar to that of enzyme B in order to provide 
an accurate monitor of results obtained for patients’ 
specimens. Use of a material characterized by enzyme 
C would indicate results that were “out of control” 

ASSAY CONDITION 

Fig. 1. Left-hypothetical response of activity of three 
enzyme preparations to a change in an assay variable. 
Right-typical quality-control chart representation of mea- 
sured response due to change in analytical conditions shown 
by the arrow at the left. Dashed lines represent limits of 
acceptability. If response B is representative of the enzyme 
in patient-specimens, responses A and C are inappropriate 
and the enzyme materials are not suitable in a routine 

quality-control programme. 

for this material, though results for patients might be 
unaffected by a slight change in the assay variable. In 
these days of laboratory cost-effectiveness, this mate- 
rial might be considered by some to be equally 
inappropriate as material A. Certainly it does not 
authentically represent the clinical specimen. How- 
ever, as we have suggested previously,*’ if this prop- 
erty of the control material was recognized by 
the analyst, this exaggerated response would be use- 
ful in an internal quality-control programme because 
of the increased sensitivity to change, and might 
indicate an unsuspected error that could be corrected 
by the laboratory before any results for patients’ 
samples were affected. 

In an external quality-control programme-where 
many different analytical techniques are examined- 
it is clear that only materials giving the same response 
as enzyme B would provide a fair assessment of 
interlaboratory results. This would also be the case 
for an internal quality-control programme in an 
institution where several methods are used for the 
determination of a single analyte (e.g., back-up pro- 

Table 1. Effects of lyophilization on properties* of human and bovine serum 

Bovine serum Human serum Human serum 
reference 

Frozen Lyophilized Frozen Lyophilized valuest 

Osmolality, mOsm/kg 280 254 291 268 281-297 
Density, g/ml 1.027 1.025 1.025 I .023 1.025- 1.029 
Surface tension, dyne/cm, 22” 49.3 46.6 47.1 46.4 56.2 
Viscosity& 22” 1.962 1.942 1.706 1.670 
PH 8.30 8.96 8.18 9.05 7.38-7.42 
Particles, 106/1. 11 58 34 221 
Particle sizeI, pm <0.5 <0.5 1.0 0.555.0 
A Mlonm, IO-mm cell 0.761 0.803 0.551 1.247 - 

*Normally collected bovine and human serum were frozen in lO.O-ml aliquots at -60”; representative aliquots 
were lyophilized and reconstituted with 10.0 ml of water (this would result in a volume slightly different 
from the original 10 ml). 

tReference values for normal human serum are from Diem and Lentner24 and are 95% confidence intervals; 
the mean value is shown for surface tension. 

aValues of 1.80 and 1.62 have been obtained for commercially available lyophilized control sera; 3.82 was 
determined for a liquid material based on ethylene glycol.” 

$Particle sizes 120 pm have been found for commercial serum preparations.” 
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cedures, “stat” or emergency-room techniques, 
different analytical instruments used on different 
shifts) and the internal quality-control programme 
takes on many aspects of external surveys. 

Peptide hormones and specific serum proteins also 
exhibit such behavioural differences between species 
and demonstrate effects similar to those described 
above.34,35 

It is clear that such differences from clinical speci- 
mens can affect the use of reference materials in 
quality-control programmes. Many clinical labora- 
tory procedures use reference materials as calibration 
solutions and differences between specimens and cal- 
ibration standards are all the more important, since 
all the analytical results obtained are potentially 
affected by these differences. A dozen years ago, a 
report from our laboratory*’ pointed out these poten- 
tial sources of error and we drew distinctions between 
the properties of reference materials that are im- 
portant for their potential application in calibration 
(standards), and as control materials for intermethod 
studies (exemplified by external quality-control), in- 
tramethod controls, and precision controls. The 
properties of reference materials would differ in im- 
portance according to the intended use. Among the 
variables we considered were the effects of the matrix 
and the source of the enzyme. One of the properties 
that we suggested as important for materials used as 
intermethod controls and for calibration was 
commutability-a term that we coined to refer to the 
ability of a material to show interassay properties 
comparable to those of human serum. At the time we 
suggested that this was an indispensable property of 
materials used for calibration and external quality- 
control but an unnecessary one for within-method 
studies. Though this is basically true, this property is 
also necessary for intramethod-control materials 
when they are used to reflect the precision and 
accuracy of analysis of patients’ specimens rather 
than as specialized tools for the analyst. 

The term commutability has been accepted by 
others,9,36-4’ and the term ,fidelity has been suggested 
as a synonym for commutability.23 There has been 
a suggestion by one group2s,42 that as analytical 
methods become more homogeneous around the 
world-in part because of the introduction of refer- 
ence methods-the principle of commutability is no 

longer needed and they suggest that representative- 
ness of these materials be used instead. However, they 
define this term in much the same way as we origi- 
nally defined commutability. Furthermore, although 
methodology has become more uniform for some test 
procedures, it has become more diverse for others, 
owing to new technology. For example, dry-reagent 
systems require a much larger sample volume frac- 
tion than classical techniques do, thus exaggerating 
matrix effects.36,43 It is likely that the property of 
commutability will become more, rather than less, 

*EC 2.6.1.1, L-aspartate: 2-oxoglutarate aminotransferase. 

important in the future. Wilding and Wilkes4’ have 
attempted to quantify this property by describing a 
commutability index whereby the range of results 
from a variety of techniques for an analyte of a 
reference material is compared with an overall mean 
value-the larger the index value the less com- 
mutable the material for that analyte. 

Another term that we have applied to describe the 

properties of reference materials is behaviour.” This 
term, formally defined as “the response to the whole 
range of factors constituting its environment” seems 
well suited to describe the interaction of materials 
(whether reference materials or clinical specimens) 
with assay variables. Thus poor reference materials 
would show behaviour considerably different from 
that of clinical specimens, whereas satisfactory 
materials-those that demonstrate commutability- 
would have given similar behaviour. 

The characterization of quality-control material 
behaviour is crucial for a true estimate of the quality 
of results and an accurate evaluation of analytical 
methods. Otherwise, artificial biases, not encountered 
with patients’ specimens, will also be detected, or 
biases existing with patients’ sera will not be ob- 
served. 

How should the behaviour of these reference 
materials be assessed? We recognize that many tech- 
niques are possible but have found three that are 
particularly useful and efficient. 

Characteristic approach 

This technique involves the descriptive character- 
ization of the variable measured in the reference 
material-usually an enzyme, protein, or peptide 
hormone-in comparison with the same entity in 
human serum. This fundamental approach is of value 
in that the characteristics found for this analyte are 
relatively stable, and predictions of interassay behav- 
iour can be made on the basis of small amounts of 
data such as steady-state kinetic constants for sub- 
strate and inhibitor, optimal pH, ligand affinity, etc. 
As new assay techniques are introduced, their relative 
bias for clinical specimens and reference materials 
can be predicted on the basis of assay conditions. In 
addition, the underlying cause for differences among 
assay techniques, observed for some reference materi- 
als, can be explained in terms of these fundamental 
differences among the species determined. 

We have characterized a reference material for 
aspartate aminotransferase* measurements by such 

3’.45.46 an approach.. In terms of substrate affinity, 
optimal pH and temperature effects, the enzyme 
purified from human erythrocytes has properties that 
are indistinguishable from those of the enzyme native 
to human serum. This purified material could thus 
serve well as a reference preparation for the quality 
control or calibration of aspartate aminotransferase 

assays. There have been several attempts to charac- 
terize similarly other human enzyme reference prep- 
arations.39.47 Gruber ef al.*’ systematically compared 
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the catalytic properties of various purified enzymes 
of animal origin and those purified from human 
tissues in order to judge their acceptability as control 
materials. There have been several other investiga- 
tions characterizing individual properties of control 
sera in order to assess their suitability.28”3,48 

Although these studies provide useful and funda- 
mental information, they are limited to character- 
ization of the catalytic, immunochemical or molecu- 
lar properties of a limited number of analytes. Matrix 
effects-a major source of differences in behaviour or 
lack of commutability-are not often demonstrated 
by these studies. There have been some attempts at 
describing the protein matrix of control materials. 
Clark et ~1.~~ have described a two-dimensional gel 
technique as a method for characterizing the matrix 
of specimens, and patterns obtained for control sera 
were compared with those of fresh human serum. 
This approach has also been recommended by Bais et 

LzZ.,~’ who used a one-dimensional electrophoretic 
procedure. 

The following techniques compensate for any 
shortcomings of the characteristic approach, but are 
purely descriptive so the underlying cause of 
differences must be obtained by other means (such as 
the characteristic approach) or by a thorough exam- 
ination of variables affecting the analytical pro- 
cedures. 

Ratio methods 

These procedures compare ratios of analyte con- 
centrations for control materials (found by different 
techniques) with those similarly found for patients’ 
specimens. As an example, simulated data are 
presented in Table 2 representing average patient- 
results and results for six quality-control specimens, 
by four analytical methods (A, B, C, and D). Method 
A is considered as the reference method, and all other 
results are expressed as percentages of those obtained 
with this method. Figure 2 shows a graphic represent- 
ation (linear ratio, also called a commutability dia- 
gram)36 for the simulated data given in Table 2. 
Results obtained by the four methods are displayed 
on a horizontal scale for each specimen or group of 
specimens. The positions for the reference method- 

Table 2. Simulated results for an analyte in patients’ speci- 
mens and six quality-control sera, as measured by four 

methods 

Method 

Specimen A B C D 

Patients’ sera, mean 100 102 106.8 102.8 
SD 0.8 0.8 0.6 

Quality-control sera 
1 100 102.0 107.0 103.0 
2 100 102.0 103.5 103.0 
3 100 106.5 107.0 103.0 
4 100 102.0 110.0 103.0 
5 100 100.0 105.1 101.0 
6 100 102.0 103.0 107.0 

Results for each method were generated by random selec- 
tion (n = 200) from Gaussian distributions with the 
following characteristics: method B, mean 102, 
SD = 0.9; method C, mean 107, SD = 0.8; method D, 
mean = 103, SD = 0.7. (Adapted from reference 44, by 
permission). 

or selected comparison method-are aligned verti- 
cally for each scale to aid in comparison of the 
profiles. The average intermethod bias demonstrated 
by the four analytical methods for patients’ speci- 
mens is shown by the position of their respective 
letters on the reference scale (patients’ specimens) in 
Fig. 2. Variability among the patients’ specimens 
themselves for each method is shown by the shaded 
bars at each letter; in this example the bar represents 
k2 standard deviations. The behaviour pattern- 
reflected in the positions of the methods-for each 
quality-control specimen is also shown in Fig. 2 and 
should be compared with the corresponding pattern 
on the reference scale. Acceptable method-bias in this 
example is considered to be <5%, so results from 
methods B and D are considered reliable for assay of 
patients’ specimen, but method C is not. 

For a candidate reference specimen to be useful in 
a laboratory control programme, results obtained for 
it should give a pattern identical to that of the 
patients’ specimens. An acceptable quality-control 
specimen will produce positions within the dispersion 
ranges given in the reference scale, for all the methods 
used. 

PERCENTAGE CONCENTRATION 
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Fig. 2. Linear ratio representation of hypothetical data presented in Table 2. The reference scale is the 
range of intermethod bias found with patient specimens. Adapted from reference 44 with permission. 
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Quality-control specimen 1 demonstrates an mter- 
method bias identical to that of the typical patients’ 
specimens, but the pattern shown by quality-control 
specimen 6 is aberrant for methods C and D (Fig. 2). 
The behaviour pattern of quality-control specimen 2 
differs from the behaviour of patients’ specimens in 
such a way that the large bias of method C is lost. If 
this specimen were to be used in an interlaboratory 
quality-control program, those laboratories using 
method C would incorrectly be considered to give 
results equivalent to those of method A. The reverse 
situation is shown in the case of quality-control 
specimen 3, where an exaggerated bias is shown for 
method B. Use of this material in a quality-control 
survey would incorrectly characterize this method as 

one which gives unacceptable results. 
Quality-control specimen 4 shows an exaggerated 

bias for method C, but unlike the case for the 
previous specimens, this difference might be consid- 
ered useful in that it amplifies the already unaccept- 
able bias of method C. However, the magnitude of 
this bias is greater than that shown for any patients’ 
specimen, making the behaviour of this specimen 
different from that of the reference population. 
Quality-control specimen 5 likewise differs from the 
reference population because it shows a reduced 
bias for all methods, but it maintains the pattern of 
acceptability: methods B and D are acceptable in 
comparison with the reference technique, while 
method C is not. 

The use of linear regression statistics offers another 
ratio approach to the assessment of control-material 
behaviour. An assumption in the linear regression 
model is that each of the y-populations is distributed 
normally and with equal variances and that the 
standard error of estimate (SEE) is a measure of the 
dispersion of data points around the least-squares 
line. In our application, one method is selected as a 
comparative or reference procedure and regression 
statistics are determined for each of the other meth- 
ods, from data obtained from the analysis of clinical 
specimens. Deviation of control-material data from 
the least-squares line is then determined from the 
ratio, residual/SEE, where “residual” is the perpen- 
dicular distance between a control-material data- 
point and the regression line. At the 95% confidence 

Table 3. Deviation (number of standard deviations) of 
hypothetical quality-control serum analyte concentration 
from the respective method regression lines determined by 

using patient-data of Table 2 

Deviation 
Quality control 

serum Method B Method C Method D 

1 0 0.2, 0.3, 
2 0 -4.0, 0.3, 
3 5.4, 0.2, 0.3, 
4 0 3.9 0.3, 
5 -2.4, -2.0, -3.1, 
6 0 -4.6, 6.5, 

level, the ratio should be within f2.0 if the control- 
material behaviour is similar to that of clinical 
specimens. This analysis was performed with the 

simulated data of Table 2 and is presented in Table 
3. Control specimens 3 and 5, when analysed by 
method B, clearly do not conform to the distribution 
of the clinical-specimen data, so these materials are 
not considered to be representative of authentic 
patient-samples when analysed by this method. Like- 
wise, quality control specimens 2, 4, 5 and 6, when 
analysed by method C and specimens 5 and 6 when 
analysed by method D do not behave like clinical 
specimens. 

This application of regression parameters was first 
proposed by van Helden et al.” Conclusions drawn 
from the linear ratio analysis of control-material 
acceptability are reinforced by this least-squares tech- 
nique. Since these parameters are easily calculated, 
this procedure lends itself particularly well to micro- 
computer application. 

Multivariate statistical analysis 

When numerous patient-specimens are examined 
by several analytical methods, the ratio techniques 
cannot adequately and simultaneously present com- 
parisons of specimens and methods. These data, 
however, can be processed by a variety of multi- 
variate statistical techniques. The most appropriate 
statistical procedure would be a descriptive method 
that is not based on a preconceived model. It should 
also be able to characterize potential differences in 
behaviour among the clinical specimens themselves, 
and provision should be made for the treatment of 
quality-control specimens as inactive elements if 
desired, so that they will not distort the patterns 
shown by the clinical specimens as active elements. 

The two statistical techniques that best meet these 
criteria are principal-components analysis and corre- 

spondence analysis. These procedures are frequently 
utilized in the social sciences and for applications in 
interpretation of data such as political polls” but are 
only now being actively explored by analytical 
scientists for their power to predict, classify and 
reveal the underlying structure of large data bases.” 
Although there is a similarity between these methods, 
we have described in detail the application of corre- 
spondence analysis‘@ and our rationale for preferring 
it over principal-components analysis. 

When the data of Table 2 are subjected to corre- 
spondence analysis the cluster diagram presented in 
Fig. 3 is obtained, where the data are projected onto 
the factorial plane established by the two most 
significant factors. The positioning of an individual 
specimen on the plane described by these two factors 
is representative of its behaviour. In such represent- 
ations, specimens with similar behaviour are 
projected near one another. The twenty patient- 
specimens form a well-defined cluster that includes 
control material l-as indicated above, it is a 
material exhibiting commutability. Note, however, 
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that specimen 5, which has been shown to have some 
properties different from those of patient-specimens 
(Table 3, Fig. 2), is also projected near the centre of 
the projections for patients. This is due to the similar 
projle of intermethod response and demonstrates the 
need to apply more than one procedure to the 
characterization of material behaviour. Control 
materials 2, 3, 4 and 6 are projected far from the 
patient-samples, indicating a behaviour different 
from those of the patient-specimens. Correspondence 
analysis has the advantage of simultaneously 
projecting variables (here the analytical methods) 
onto the factorial plane. Proximity of the projections 
for method and material indicates an interaction 
between the two that often aids interpretation. 

We have applied these techniques to characterize 
the behaviour of cc-amylase* and aspartate amino- 
transferase reference materials in several analytical 
methods.29~53 Here we describe two new applications 
to different areas of clinical chemistry analysis- 

therapeutic drug monitoring (theophylline) and 
enzyme assays (alkaline phosphataset). 

Case I-Theophylline 

In this application, the effects of specimen prepara- 
tion, preservation, and matrix were examined. Nine- 
teen specimens, selected at random from serum 
samples delivered to the laboratory for routine 
theophylline monitoring, were used to characterize 
the analytical systems included in this study; the 
theophylline concentration range was 6.5- 18.6 mg/l. 

Control materials were prepared by using commer- 
cially available normal human serum and bovine 
serum. Treatments of the serum included: precipi- 
tation of /?- and pre-b -lipoproteins by the procedures 
of Proksch and Bonderman14 (treatment A) and of 
Bais et aL5’ (treatment B); precipitation of a- and 
p-lipoproteins’6 (treatment C); and lyophilization. 
Theophylline was added to all pooled materials, to 
give concentrations of approximately 15.5 mg/l. The 
nature, treatment, and coding of control materials is 
outlined in the first column of Table 4. 

The theophylline concentration in authentic 
patient and control specimens was determined by five 
methods, each differing in principle. The techniques 
used were: (a) the enzyme-multiplied immunoassay 
technique (EMIT); the Syva Emit and Theophylline 
Assay reagent kit was used with a Gilford Stasar III 
spectrophotometer controlled by a System 5 Clinical 
Analyzer; (b) fluorescent polarization immunoassay 
(FPIA); the Abbott TDx Theophylline Reagent Pack 
was used with the TDx Direct Reading Fluorescence 
Polarization Immunoassay Analyzer; (c) substrate- 
labelled fluorescent immunoassay (SLFIA); Optimate 
theophylline reagents were used with the 
Ames/Gilford Optimate Automated TDA and Chem- 

*EC 3.2. I. 1, I ,4-cc-o-glucan glucanohydrolase. 
tEC 3.1.3.1, orthophosphoric monoester phosphohydrolase 

(alkaline optimum). 

Fig. 3. Correspondence analysis of hypothetical data 
given in Table 2. Projection onto the plane described by the 
two most significant factors. Projections on the plane are: 
patients’ specimens (a); quality-control specimens (A) 
numbered as in Table 2; the four analytical methods 
(lettered boxes). The ellipse defines the 95% confidence area 
describing the multivariate variability in behaviour of the 
patients’ specimens with respect to the four methods. 

Adapted from reference 44 with permission. 

istry Analyzer; (d) rate-inhibition nephelometry 
(NIIA); Beckman theophylline reagents were used 
with the ICS II analyser; (e) high-pressure liquid 
chromatography (HPLC); the liquid chromatograph 
consisted of a Beckman Instruments Model 1OOA 

and a Model 110A pump, Model 210 injection valve 
fitted with 20-~1 sample loop, a 15 cm x 4.6 mm 
Ultrasphere-ODS column, and a Model 155-40 vari- 
able wavelength UV-VIS detector. HPLC was used 
as the reference method. 

All techniques exhibited excellent correlation with 

the reference method for results obtained from clini- 
cal specimens with the exception of NIIA, where the 
relative error exceeded 30%. When the buffer-diluted 
samples were centrifuged prior to analysis, as is 
recommended if the specimen has been frozen or 
lyophilized, the relative errror was decreased to 19%. 

The regression analysis parameters were used to 
assess the relative behaviour of control materials by 
determining the “closeness-of-fit” of results for con- 
trol specimens to the clinical specimen regression line 
(Table 4). Theophylline concentrations in lyophilized 
control materials analysed by FPIA were found to 
give greater error than the frozen sample in each 
treatment pair. At the 95% confidence level, controls 
lL, 4L, 6L, 7L and 8L were significantly distant from 
the regression line defined by the clinical samples. 
SLFIA analysis of human-serum control specimens, 
both frozen and lyophilized, also resulted in 
significant error while bovine-serum materials all 
gave results within acceptable limits. The behaviour 
of all control materials in the EMIT assay was similar 
to that of clinical specimens, as was also the case with 

NIIA except for sample 8F. 
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Fig. 4. Linear ratio presentation of theophylline method bias relative to HPLC. The mean recovery and 
95% confidence interval for patient-specimens is represented by the method code and horizontal bars 
respectively. With HPLC results representing target concentrations, the recovery of theophylline from 
patients’ and control specimens is presented for the EMIT (E), FPIA (F), SLFIA (S), and NIIA (N) 

methods. 

These data are presented in the linear-ratio format 
in Fig. 4, where results are expressed as a percentage 
of those obtained by HPLC. The mean recovery 
and 95% confidence interval for each method were 
determined by using the data for patient specimens. 
Recovery of theophylline from the control material 
should be within the respective ranges for the meth- 
ods if matrix effects are negligible. The significantly 
higher theophylline recovery from human-serum con- 
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trols for SLFIA is clearly observed. Also, the FPIA 
theophylline recovery from lL, 4L, 7L and 8L is 
lower than that for clinical specimens. 

Correspondence analysis of these data was per- 
formed with patient-results as active elements (Fig. 
5). Since the intermethod bias between NIIA and the 
other analytical systems was considerable, patient- 
data obtained from NIIA were treated as inactive 
elements to allow evaluation of the more subtle 

A 

Fig. 5. Correspondence analysis of theophylline data. The coded rectangles are projections of the five 
theophylline methods; projections of bovine (0) and human (A) serum control materials are identified 
by the enclosed codes. Projections of the patient-data are identified by the patients’ numbers (I-19). 
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differences among the EMIT, SLFIA, FPIA and 
HPLC results. Data projected onto the plane deter- 
mined by factorial axes 1 and 2 accounted for 59 and 
41% respectively of the information contained in the 
data matrix. Along the most significant axis 1, EMIT 
is well-separated from the projections for SLFIA, 
FPIA and HPLC. Evaluation of the patient-data 
revealed a consistent positive bias of FPIA and 
SLFIA results relative to HPLC. EMIT results, on 
the other hand, for the cluster of patient-specimens 
with projections on the left of axis 1 were lower than 

HPLC results. Concentrations determined by EMIT 
were higher than those obtained by HPLC for those 
patient-specimens with projections on the right of 
axis 1. The position of the method projections on 

axis 1 is consistent with the intermethod bias of 
patient-results noted from regression analysis, and 
this axis probably reflects the intermethod bias of the 
theophylline results. Axis 2 is largely determined by 
the differences in behaviour of patients 2, 5 and 14 
from that of patients 1, I 1 and 15, and the method 
responsible for the dissimilarity in behaviour is 
SLFIA. The mean theophylline recovery from 
patients 2, 5 and 14 by SLFIA was 111.2x, which is 
significantly higher than the lOO.lu/, recovery from 
specimens 1, 11 and 15. Figure 5 also demonstrates 
a separation of bovine-serum from human-serum 
materials along axis 2. As noted with the other 
techniques, a significant matrix effect existed in the 

human-serum control material when analysed by 
SLFIA. Theophylline recovery from the human- 
serum controls by SLFIA averaged 114% and was 
therefore projected on axis 2 along with the results for 
patients 2, 5 and 14. 

Of the methods currently used in clinical tox- 
icology, NIIA appears to be most sensitive to the 
presence of endogenous particulate matter. These 
particles may conceivably act as centres at which 
immunocomplexes are formed, resulting in larger but 
fewer immunocomplexes than would occur in the 
absence of particulate matter. In this situation, falsely 
elevated drug concentrations are reported. Centrifu- 
gation of the buffer-diluted clinical specimens to 
remove cryoprecipitates prior to analysis resulted in 
improved accuracy and precision, but significant bias 
remained. The behaviour of control materials was 
similar to that of patients’ serum, with the exception 
of the frozen human serum, which appears to have 
been rectified by treatment with dextran and 
“Aerosil” (Table 4). 

Correspondence analysis dramatically illustrates 
the unique behaviour of human-serum control speci- 
mens when analysed by SLFIA. At least a portion of 
the bias is due to background fluorescence of the 
control specimens. The manufacturer claims that 
background fluorescence is rarely found in authentic 
clinical specimens, and that specimen blanks need 
not be routinely run in the clinical laboratory.54 

Table 4. Deviation* of control material theophylline concentration from the 
respective HPLC-method regression line for clinical specimens 

Deviation 

Control material FPIA SLFIA EMIT NIIAt 

Bovine serum, untreated 
Frozen (1 F) 
Lyophilized (IL) 

Human serum, treatment B 
Frozen (2F) 
Lyophilized (2L) 

Bovine serum, treatment C 
Frozen (3F) 
Lyophilized (3L) 

Bovine serum, treatment B 
Frozen (4F) 
Lyophilized (4L) 

Human serum, treatment A 
Frozen (5F) 
Lyophilized (5L) 

Bovine serum, treatment A 
Frozen (6F) 
Lyophilized (6L) 

Human serum, treatment C 
Frozen (7F) 
Lyophilized (7L) 

Human serum, no treatment 
Frozen (SF) 

0.7, -0.5, 0.5, -0.6, 
-2.3, 0 0.5, -0.9, 

0.7, 
-1.1, 

5.4, 
2.0, 

0.2, 
-0.5, 

1.2, 
0 

- 1.5, 
- 1.5, 

1.54 
0 

-1.0, 
0 

1 .o, 
0.1, 

-1.5, 0 0 0.4, 
-3.4, -0.2, 0 -0.6, 

-1.9, 3.0, -0.8, -0.1, 
- 1.9, 2.5, - I .6, 1.3, 

0.3, 
-2.3, 

0.2, -0.8, 
-1.9, -1.7, 

- 1.9, 
-3.8, 

-1.5, 

0.2, 
0.5, 

3.3, 
0.2, 

-1.9, 0.6, 
-1.6, 0.6, 

2.5, 0.2, 
-0.5, 

2.2, 
1.2, Lyophilized (8L) -2.3, 3.3, 

*Deviation, expressed in number of standard deviations, was determined from the 
expression, residual/SEE, where residual is the perpendicular distance be- 
tween the control-material data point and the regression line derived from 
clinical specimen data. 

tThe buffer-diluted samples were centrifuged at 8000 g for 5 min before analysis. 



Characterization of reference materials 859 

Correspondence analysis, however, demonstrates 
that 3 of the 19 patient-samples used in this study 
behaved similarly to the processed human-serum 
controls, suggesting that background fluorescence 
may frequently occur in clinical specimens. 

Lyophilization appeared to have an adverse effect 
on specimen behaviour in analysis by FPIA. Mean 
theophylline recovery from patient-specimens, frozen 
and lyophilized controls was 105, 103 and 100% 
respectively. In the FPIA system, the extent of tracer 
polarization is inversely proportional to the concen- 
tration of endogenous drug.‘j Analytical variables 
which may increase rotational relaxation time, and 
hence decrease apparent analyte recovery, are de- 
creased temperature and increased viscosity of the 
medium.j6 Temperature control is well maintained in 
the TDx analyser and control materials were dis- 
persed among clinical samples in the analytical runs. 
The viscosity of the control material is increased both 
by lyophilization and by addition of dextran or 
colloidal silica, but the sample dilution factor in this 
assay is over IOOO-fold, which minimizes the vari- 
ability of viscosity between specimens. It is evident 
that the bias introduced by lyophilization, though 
measurable, was not of sufficient magnitude to exceed 
the limits of acceptability likely to be used in an 
interlaboratory quality-control programme. In the 
New York State programme, the coefficient of vari- 
ation of the collective theophylline data averages 
lo%, and 80-120x recovery of drug is considered 
acceptable. The lyophilization effect, however, may 
contribute to an overestimation of this method’s 
imprecision by external quality control. 

Case 2-Alkaline phosphatase 

The selection of a source of alkaline phosphatase 
for supplementing the activity of quality-control 

specimens is difficult, since it is not practical to use 
the two isoenzymes of clinical importance-those 
from human liver and bone. At present, manu- 
facturers often add the enzyme derived from human 
placenta or intestinal enzyme of calf or chicken 
origin.32*57 The purpose of this experiment was to seek 
an alternative source of alkaline phosphatase that 
would mimic more closely the behaviour of alkaline 
phosphatase from human liver and patient-specimens 
with respect to the most widely used methods of 
determination. 

Twelve methods were chosen for measuring the 
alkaline phosphatase activity; essential details of 
these methods, and the three-letter abbreviation 
codes used for them in this article, are summarized in 
Table 5. Unless specified, these methods were applied 
exactly as described or according to the manu- 
facturer’s recommendations. The method of Kind 
and King (K&K)j* was used in the Price and 
Woodman” adaptation using Technicon Auto- 
Analyzer equipment with dialysis. Three different 
modifications of the method of Bowers et aLm were 

used. The procedures coded AMD and AMZ fol- 
lowed the procedure as described6’ but the 
2-amino-2-methyl- I-propanol used was pretreated; in 
method AMD it was distilled under reduced pressure 
and in method AMZ it was pretreated by addition of 
zinc ions with removal of the excess by cation- 
exchange as described previously.6’ The third 
modification (code CPS) used 0.1M CAPS 
[3-(cyclohexylamino)propanesulphonate] as the 
buffer6* instead of 2-amino-2-methyl- I-propanol, 
since it is not transphosphorylated. Other meth- 
odological details will be reported separately.63 

The methods were chosen to represent a wide 
spectrum of analytical principles characteristic of 
methods used in clinical chemistry laboratories 
throughout the world. In addition, the effects of 

Table 5. Methods used for determination of alkaline phosphatase activity* 

Code Buffer Substrate Determination? Temperature ’ Reference or manufacturer 

AMD 
AMZ 
BMC 
WOR 
HYC 
cou 
SMA 
BEC 
CPS 
K&K 

ATE 

2A2MlP 4-NPP 
2A2MlP 4-NPP 

DEA 4-NPP 
2A2MlP CNPP 
2A2MlP TMPP 

Tris TMPP 
2A2MlP 4-NPP 
2A2MlP 4-NPP 

CAPS 4-NPP 
Bicarbonate Phenylphosphate 

2A2MlP PPMP 

Tris PPDP 

Kinetic 
Kinetic 
Kinetic 
Kinetic 

Two-point 
Two-point 

Kinetic 
Kinetic 
Kinetic 

Two-point 

Two-point 

Two-point 

30 
30 
31 
30 
37 
31 
37 
30 
30 
37 

30 

37 

Bowers et aLa 
Bowers et aLm 
Boehringer Mannheim Diagnostics 
Worthington Diagnostics 
Hycel 
Coulter 
Technicon (SMAC) 
Beckman (liquid) 
Bowers et uL,~ modified 
Kind and Kings8 
Price and WoodmanS 
General Diagnostics 

(Phosphastrate) 
General Diagnostics 

(Phosphatabs) 

*Abbreviations used: 2A2MlP. 2-amino-2-methyl-l-propanol; DEA, diethanolamine; CAPS, 3-(cyclohexylamino)- 
propanesulphonate; Tris, tris(hydroxymethyl)aminomethane; 4-NPP, 4-nitrophenylphosphate; TMPP, thymolphthalein 
monophosphate, PPMP, phenolphthalein monophosphate; PPDP, phenolphthalein diphosphate. 

+Kinetic refers to continuous monitoring of the reaction rate, except for method SMA where the reaction rate is calculated 
by using three measured points. 
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Fig. 6. Correspondence analysis of alkaline phosphatase measurements. Projection on the plane described 
by axes 1 and 2. The large squares are projections of the analytical methods identified by the three-letter 
codes given in Table 5. Other symbols are: patient-specimens(@); purified isoenzymes (A) identified as 
given in the text: letter-coded points without symbols are quality-control specimens. Large circles represent 

projections of results for alkaline phosphatase determined in the presence of inhibitors (see text). 

homoarginine (code HO), urea (code UR), and 
L-phenylalanine (code PH)-all inhibitors of certain 
alkaline phosphatase isoenzymes-were examined 
under the conditions of the method coded CPS in 
order to better characterize the patient-specimens and 
candidate materials. 

Patient-specimens were selected from a hospital 
population by use of criteria that we have described 
previously44 and represented a variety of normal and 
pathological states with both normal and abnormal 
activities of alkaline phosphatase-they are shown as 
solid dots on the multivariate map (Fig. 6). Candi- 
date quality-control materials were obtained com- 
mercially (shown by two- or three-character codes) or 
were prepared specifically for this study. These latter 

specimens made use of three kinds of matrixes: a 
native human-serum pool (shown as hexagons), a 
denatured human-serum pool (shown as open dia- 
monds), and a native bovine-serum pool (shown as 
triangles). Enzymes of various tissue and species 
origin were used to supplement the matrixes. These 
included enzymes from calf intestine (code CI), beef 
liver (BL), pig kidney (code PK), and human enzymes 
purified from liver (code HL or L), intestine (code I), 
and human placenta (code P). Specimens Ll-L6 
(Fig. 6) differed with respect to alkaline phosphatase 
activity but were otherwise identical. They were made 
of human liver enzyme in an artificial matrix com- 
posed of polyvinylpyrrolidone, albumin and buffer.S7 

Besults were processed by correspondence analysis 
and the projection of these data on the plane formed 
by factorial axes 1 and 2 is shown in Fig. 6. These two 
axes represent 57 and 17’;; respectively of the infor- 

mation contained in the data, as calculated from their 
eigenvalues. The aggregate clustering of the patients’ 
specimens, surrounded by the 95% confidence ellipse 
is in sharp contrast to most of the quality-control 
specimens, which have their projections outside this 
ellipse. A remarkable result is the similar projection 
of the diamond-coded specimens, which can be used 
as an alternative reference of behaviour. They con- 
tain either one pure human isoenzyme (code I, L or 
P), determining the corners of a triangle, or equal- 
activity mixtures of two of them (code PI, LI or PL), 
positioned at the middle of each corresponding side, 
or an equal-activity mixture of all three (code ILP), 
located at the centre of gravity of the triangle. The 
relative positions of the ellipse and the triangle are 
consistent with the fact that most alkaline phos- 
phatase activity encountered in patient-specimens is 
of liver origin. 

As we have described earlier, the differences in 
behaviour are directly related to the intermethod 
biases for different kinds of specimens. It is possible 
to conclude that in this experiment, a lack of cor- 
relation between methods cannot be accounted for by 
any biases, since the projections for the specimens 
Ll-L6 are near each other, irrespective of the con- 
centration. 

Most quality-control specimens situated in the 
upper right corner of the map apparently contain 
intestinal alkaline phosphatase either from chicken or 
calf. It is interesting that they differ significantly 
from those containing the enzyme of human origin. 
This was verified for some of the control materials 
known to contain one of the non-human intestinal 
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enzymes, including that coded as NBS in Fig. 6, 
which is the U.S. National Bureau of Standards 
reference material SRM-909, for which enzyme data 
are available.M Our data suggest that this material 
has an intermethod behaviour demonstrably different 
from that of patient-specimens and is therefore of 
limited usefulness in intermethod comparisons. Simi- 
larly, commercial specimens PE, PP, PN, containing 
human placental enzymes in a semi-artificial matrix, 
are all located near the P diamond. Conversely, some 
of the commercially available specimens (e.g., DA or 
HS) display a behaviour similar to that of the patient- 
specimens, since their projections are close to the 
ellipse. These specimens were manufactured from 
human plasma to which no supplemental alkaline 
phosphatase was added. Finally, the behaviour of 
prepared specimens containing pig kidney or beef 
liver show a behaviour very similar to that of patient- 
specimens when the matrix is a denatured human- 
serum pool. Minor departure from behaviour can be 
observed when native bovine serum is supplemented 
with these enzymes (see triangles on the right of the 
ellipse in Fig. 6). 

As a conclusion from this study, we recommend 
the use of pig kidney or beef liver alkaline phos- 
phatase as an adequate source of the enzyme for 
simulating intermethod behaviour of patient- 
specimens. 

CONCLUSIONS 

The success of any statistical quality-control pro- 
gram is dependent in large part on the characteristics 
of the specimens used to evaluate the analytical 
system(s). In external programmes it is essential that 
the material has properties similar to those of patient- 
specimens in the methods tested. The procedures that 
we have outlined-and applied to two cases here- 
are relatively simple yet highly informative for the 
evaluation of control-material commutability. Corre- 
spondence analysis, in particular, is a powerful de- 
scriptive tool. It also clearly presents information 
regarding the interaction of patient-specimens with 
the analytical methods, so that matrix effects that 
may also influence results for certain types of patient- 
specimens will also be characterized (Fig. 4). Such 
matrix effects may be a significant source of error for 
patient-specimens.65 Janse# has used an alternative 
multivariate technique for similarly classifying meth- 
ods, but possible non-commutability of the control 
specimens was not considered in that application. 

Recognition of the limitations of certain control 
materials should help in the interpretation of inter- 
laboratory quality-control data. Procedures such as 
those described here will help in the design of more 
effective materials for quality-control in the future. 
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Summary-A review is given of the development of solid-phase reaction systems (test papers, impregnated- 
fibre systems, multi-layer film systems) for rapid field and laboratory testing in clinical analysis. 

Anyone who has worked or been taught in a chemical 
laboratory is very familiar with the use of indicator 
papers for the rapid and approximate estimation of 
the pH of a solution. Likewise, most people who have 
been associated with clinical biochemistry are equally 
aware of the use of other types of reagent strips for 
the rapid estimation of certain urinary constituents 
such as glucose and protein. In the more specialized 
area of diabetology, the usefulness of reagent strips 
for the measurement of whole blood glucose has been 
recognized for more than a decade, and more re- 
cently, attention has been drawn to the use of yet 
more sophisticated reagent strips for the quantitative 
measurement of a much wider range of analytes in 
serum and plasma, such as enzymes, metabolites and 
drugs. All these test papers or reagent strips are types 
of solid-phase reagents which may thus be looked 
upon as self-contained analytical devices. 

A common denominator underlying the use of 
these solid-phase reagents is the need to be able to 
perform rapid and convenient analyses without the 
encumbrances or impedimenta that are often associ- 
ated with more conventional analytical techniques. 
While it is recognized today that convenience is one 
of the principal driving forces behind the use of 
solid-phase reagents, it is not widely known that such 
considerations prompted similar interest in and use of 
solid-phase reagents a century ago. Thus, in reporting 
on the use of test papers for the detection of urinary 
glucose, George Oliver in 1883 wrote “All busy 
practitioners must admit the clinical utility and 
importance of accurate, time-saving and portable 
tests. . “.I 

Since the development and manufacture today of 
solid-phase reagents is tightly bound up with modern 
and advanced technology, it is generally thought that 
these analytical tools are artefacts of the twentieth 
century and inventions of the companies which have 
pioneered their application in diagnostics. This is not 
strictly true, since solid-phase reagents of one type or 

another have been used as diagnostic tools for the 
best part of two centuries. Indeed, many of the 

precepts governing the use of solid-phase reagents in 
diagnostics were developed during the last century 
and it is worthwhile to note a few of the landmarks 
in their evolution, before reviewing in more detail the 
latest developments. 

Among the earliest accounts is that by Prout in 
18 1 72 reporting the use of litmus paper for testing the 
alkalinity of urine. Further applications of litmus 
paper, this time for measuring the alkalinity of 
mucus, were recorded by Babington in 1837, who 
reported that “bibulous paper tinged with litmus and 
reddened by simple exposure or by a very dilute acid 
solution is restored to its blue colour by fresh 
mucus”. It is interesting that as early as 1837 
Babington was able to recognize the importance of 
the nature of the matrix of the solid-phase reagent 
and the effect this can have on the performance of the 
test system. He reported that the sensitivity of the 
mucus test was modulated when the type of paper 
was changed: “In the shops they commonly tinge 
writing paper for use; but the size it contains, which 
cannot be soaked out by cold water, diminishes its 
delicacy as a test”.3 A few years later, in 1850, 
Maument extended the range of application of solid- 
phase reagents when he described the detection of 
urinary glucose with test strips woven from white 
merino wool and impregnated with stannous chlo- 
ride.4 Maumene, too, recognized the role of the 
solid-phase matrix itself, and pointed out that the 
glucose test strips should not be made from paper, 

since the paper itself developed a false-positive reac- 
tion with the stannous chloride. 

Another variant of solid-phase reagent was devel- 
oped and reported by Oliver’ in an attempt to render 
more portable and convenient some of the tests then 
commonly carried out by general practitioners. Oli- 
ver used reagent-impregnated papers as reagent carri- 
ers and reconstituted the liquid tests systems by 
leaching the reagents out of the strips immediately 
before their use. In this way, he managed to obviate 
the need to transport bulky and corrosive liquid 
reagents, and developed a range of assays’ which 
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included tests for urinary glucose based upon its 
reaction with indigo carmine, and for albumen based 
upon its precipitation by solutions of potassium and 
mercuric iodides. 

In this paper we will describe the principles of 
modern solid-phase chemistry, emphasize impreg- 
nated fibre and multi-layer film systems and attempt 
to convey a basic understanding of the theoretical 
and practical aspects of their use. We will describe in 
some detail the characteristics of the most popular 
systems and discuss future applications of this new 
and exciting area of clinical chemistry. 

GENERAL CONSIDERATIONS 

From the manner in which they are used, solid- 
phase reagents can be regarded as self-contained 
analytical devices. This description may be expanded 
in order to define these tools more fully. Thus, they 
can be described more precisely as integral analytical 
elements which typically take the form of thin pads 
or films, and contain all of the reagents required for 
the performance of an assay, distributed in a dry 
form within the pad or film. These component 
reagents may be distributed either homogeneously 
throughout the matrix of the element or may 
be organized, or compartmentalized, into specific 
domains within the infra-structure of the matrix. In 
either case, regardless of the geometric distribution 
of the component reagents in the solid-phase device, 
the modus operandi may be described schematically as 
follows: the analyte-containing solution, which may 
be urine, whole blood, serum or plasma, is applied to 
one of the surfaces of the solid-phase element, where 
it diffuses into the matrix of the element and, in so 
doing, dissolves the component reagents dispersed 
therein, as shown in Fig. 1. When the dry reagents 
have dissolved, they react with the analyte to give 
products which are used as a measure of the analyte 
concentration, generally through the use of chromo- 
genic reagents and either visual or instrumental 
measurement of the colour generated in and on the 
surface of the solid-phase element. Thus, in oper- 
ational terms, these analytical devices may be consid- 
ered as unitized reagents that make possible the 
performance of certain assays, without the need to 
prepare, dispense and mix the component reagents of 
the system. 

Fig. 1. Schematic representation of the operation of a simple 
solid-phase reagent. 

systems commonly used in urine analysis” and now 
used routinely for the determination of whole blood 
glucose.’ On the other hand, the multilayer film type 
of device has been in evidence for only a few years 
and forms the basis of a new fully-automated clinical 
chemistry analyser. lo Interestingly, there is already an 

apparent slight divergence in the manner of applica- 
tion and the locus of use of these two types of 
solid-phase reagent. The fibre-impregnated type of 
system traditionally appears to have been associated 
more with rapid diagnostic testing away from the 
central laboratory, whereas the multilayer film system 
so far appears to have been mainly used in large 
central analytical laboratories, though there have 
been recent reports of their use in group practices and 
even by individual physicians. Reasons underlying 
their application in analysis are common and perhaps 
should be enumerated at this point as justification of 
our interest in them. 

As described above, solid-phase reagents conform, 
in general, to one of two principal types, which will 
be referred to as the fibre-impregnated systems and 
the multilayer film systems respectively. From the 
standpoint of use, both systems have many features 
in common and in general operate as shown sche- 
matically in Fig. 1. They differ significantly, however, 
structurally and in composition, and accordingly will 
be treated separately in later sections of this review. 

Solid-phase reagents of the fibre-impregnated type 
have been used in their current format for many 
years6.’ and form the basis of the rapid diagnostic test 

Besides their obvious advantages of simplicity and 
convenience, already mentioned above, the solid- 
phase reagents also afford a useful and efficient 
vehicle for stabilizing some labile analytical reagents. 
Because of their dry form, and also the stabilizing 
influence sometimes generated by the solid-phase 
matrix itself, some of these systems, particularly those 
employing cellulose fibre supports, have prolonged 
storage stability, often for up to two years, even at 
room temperature. Obviously such extended and 
simplified storage features further increase the con- 
venience to the user. 

I lb) 

(d) 

Sample is applied to 
surface of solid-phase 
reagent. 

Sample penetrate9 matrix 
and dissolver the ‘dry’ 
Wag*“tS. 

Analyte in sample starts to 
react with reconstituted 
rwge”ts. 

Reaction products 
accumulate causing colour 
development. 
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At the time of writing this review, interest in 
solid-phase reagents is being further stimulated by 
extensions and improvements in the technologies of 
their manufacture and use, which suggest the gener- 
ation of new analytical systems and novel applica- 
tions employing these devices. Of particular interest 
is the potential development of systems for quan- 
titative clinical analysis outside the laboratory, so 
that testing can be done closer to the patient. 

FIRREIMPREGNATED SYSTEMS 

General considerations 

Fibre-impregnated systems have been in use for 
many years. Hence they represent the largest and 
most diverse type of solid-phase reagent, certainly in 
terms of the assortment of assays that can be per- 
formed with them. Even though there is an abun- 
dance of reports in the literature that both review 
their performance and describe their evaluation, and 
a wide selection of diagnostic products that utilize 
this technology is commercially available, there is a 
remarkable dearth of reports that either describe their 
preparation or detail their make-up and character- 
istics. This is not surprising, since virtually all of the 
research and development work on fibre-impregnated 
systems has been performed by industry and for 
obvious reasons such activities have been subject to 
a degree of secrecy. Consequently it is often very 
difficult to extract specific details describing fully 
many of these solid-phase devices, and in a review 
such as this it is equally hard to report in depth on 
some aspects of their make-up and characteristics. In 
order to try to compensate for this sparsity of infor- 
mation, an attempt will be made here to describe in 
general terms the preparation and properties of 
typical fibre-impregnated systems. 

In general, the fibre-impregnated solid-phase sys- 
tems consist of a sheet of cellulose matrix which is 
either porous or semi-permeable with respect to 
solute diffusion. In this type of solid-phase reagent, 
the components of the assay system, which might 
comprise such diverse species as group-specific chem- 
ical reagents, indicator enzymes, co-enzymes, activa- 
tors and buffer salts, are distributed in a dry form 
both in the interstices of the cellulose matrix and on 
the surface of its integral structural fibres. 

In the simplest form of the fibre-impregnated solid 
reagent, the components of the assay system are 
distributed homogeneously throughout the matrix, 
with no attempt made to segregate the different 
components into separate compartments within the 
matrix. Further insight into the make-up of this 
simple type of fibre-impregnated reagent is gleaned 
from the manner of its manufacture: the cellulose 
matrix, which might be a porous paper, is immersed 
in a single solution of the various assay components 
and then removed and dried under controlled con- 
ditions; upon evaporation of the solvent, the dry 
reagents become uniformly trapped in the matrix of 

the solid-phase. From an operational viewpoint, this 
type of solid-phase reagent is described by the 
schematic in Fig. 1. 

Design and manufacture 

In reality, most fibre-impregnated solid-phase 
reagents, such as the systems described by Greyson” 
and Zipp,” are somewhat more complicated and 
sophisticated in their design and composition than 
that just used to illustrate the concept of these 
reagents, in which there was no compart- 
mentalization of the component reagents within the 
matrix of the solid-phase element. Such a 
configuration is not suitable for a solid-phase reagent 
that incorporates an assay system composed of mutu- 
ally incompatible component reagents. With some 
analytical reactions, it is necessary to introduce into 
the system a degree of compartmentalization, either 
to segregate mutually incompatible reagents, or to 
separate sequentially particular steps of the overall 
analytical reaction. Such compartmentalization can 
be built very efficiently into the design of the 
fibre-impregnated reagent. Obviously, in order to 
achieve this, the manufacturing process necessarily 
becomes both more complicated and sophisticated. 

A schematic outline of a manufacturing process for 
the production of a fibre-impregnated reagent that 
allows for the compartmentalization of the different 
reagents is depicted in Fig. 2, which throws some light 
on the structure of this more complicated type of 
device. In this scheme, the native matrix, which might 
be paper-based and in the form of an extended sheet, 
is fed continuously from a storage spool through a 
sequence of operational work stations, wherein the 
various unit operations that make up the overall 
manufacturing process take place. Thus, for example, 
the matrix is fed at a carefully controlled speed 
through the first work station, where it is steeped in 
a solution of some of the components of the assay 
system, and these components become uniformly 
distributed in solution throughout its structure. After 
passing through this station, the matrix is dried in the 
course of its passage through the second work 
station, under drying conditions which are carefully 
controlled by regulating the temperature, relative 
humidity and laminar air flow. The sheet, now dry, 
is then fed through the third work station, where it 
is soaked in a solution of the remaining components 
of the assay system, in a solvent different from that 
used during the first impregnation stage. The solvent 
for this stage is carefully selected so that is does not 
dissolve the first set of reactants already deposited in 
the matrix of the paper during the first impregnation 
stage. Thus the second set of reactants is layered on 
top of the first set in the matrix in the course of 
evaporation of the second solvent during the second 
drying stage. The process, as described, allows for 
two reagent systems to be layered separately in the 
matrix of the cellulose, each effectively in a separate 
“reagent compartment”. Clearly, if more reagent 
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FIRST DRYING STAGE SECOND DRYING STAGE 

U 
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FIRST IMPREGNATION STAGE SECOND IMPREGNATION STAGE 

2. Schematic representation of a typical process for the continuous manufacture of a 
fibre-impregnated solid-phase reagent incorporating two separate reagent compartments. 

Fig. 

compartments are required, because of a multiplicity 
of reagents and/or the need for segregated reaction 
steps, they can be accomplished by adding extra 
impregnation and drying work stations to the con- 
tinuous process shown in Fig. 2. 

Further insight into the make-up of this more 
complicated type of fibre-impregnated system is best 
gleaned, perhaps, by consideration of a specific exam- 
ple. Such a reagent was first reported by Turk and 
Zipp13 for the quantitative measurement of urea in 
serum. In this example, the analyte, urea, is measured 
in a two-stage reaction as shown in Fig. 3 in 
which urea (II) first couples with the group-specific 
reagent o-phthalaldehyde (I) to form dihydroxy- 
isoindoline (III).‘4J5 Then in the second reaction the 
dihydroxyisoindoline is complexed in strongly acidic 
conditions with the indicator 3-hydroxy-1,2,3,4- 
tetrahydrobenzo-(h)-quinoline to form a blue 
adduct, the concentration of which is determined 
photometrically. 

The translation of the reaction sequence shown in 
Fig. 3 into the format of a fibre-impregnated reagent 
requires the solution of two problems. The first 
relates to the need to separate the indicator from the 
o-phthalaldehyde, because of their mutual reactivity, 
while the second relates to the need to overcome the 
known instability of cellulose in the strongly acidic 
conditions that prevail in the second part of the 

reaction sequence. The particular configuration of 
solid-phase reagent developed by Turk and Zipp for 
the solution of these problems is depicted sche- 
matically in Fig. 4 and is achieved by a process of the 
type illustrated in Fig. 2, but involving three se- 
quential impregnation and drying stages. The prob- 
lem relating to the provision of acidic conditions 
without destroying the cellulose matrix is overcome 
by the incorporation into the cellulose of a cation- 
exchange resin, which dissociates when hydrated by 
the sample, thus generating strongly acidic condi- 
tions. In this way, the dry or unreacted form of the 
reagent is not exposed to strong acid and hence the 
integrity of the cellulose is preserved. The problem of 
segregating the two mutually incompatible reagents, 
indicator and o-phthalaldehyde, is resolved by depos- 
iting three layers concentrically around the cellulose 
fibres of the solid-phase matrix. The first, or proximal 
layer, which is adjacent to the fibres and contains the 
indicator, is laid down in the first impregnation stage 
and is separated from the o-phthalaldehyde, which is 
in the distal layer and is laid down in the third 
impregnation stage, by a polymeric separation layer, 
which is deposited in the second impregnation stage. 
When sample is applied to the surface of this solid- 
phase reagent it diffuses into the distal layer, where 
any urea in it reacts with the o-phthalaldehyde. 
Further diffusion of the sample within the infra- 

II’ \oH 

(II (II) (III) 

(111~ +1,3-DIHYOROXYISOINDOLINE -BLUE CHROMGPHORE 

Fig. 3. Reactions involved in the measurement of urea according to Turk and Zipp.‘j 
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Fig. 4. Schematic breakdown of a fibre-impregnated solid- 
phase reagent containing three reagent compartments. The 

system shown is that for measurement of urea.13 

structure causes disruption of the polymeric sepa- 
ration layer and thus permits the dihydroxy- 
isoindoline to gain access to the proximal layer. 
Thereafter complexing with the indicator takes place 
in the now strongly acidic conditions brought about 
by the dissociation of the cation-exchange resin in the 
water of the sample. 

Cellulose also proves to be an effective and useful 
dry-phase matrix because of its strongly hydrophilic 
character, since dry cellulose structures will therefore 
tend to hydrate very rapidly and efficiently. The ease 
with which the dry cellulose structures can be wetted 
means that when the sample is applied, it spreads 
evenly and thus promotes homogeneous diffusion of 
analyte and reactants and results in uniform colour 
development. 

The nature of the matrix The measurement process 

Reference has already been made to the long- 
standing recognition 3,4 of the importance of selecting 
the correct type of matrix for a solid-phase reagent. 

Today most solid-phase reagents of the 
fibre-impregnated type utilize cellulose-based materi- 
als such as paper for the support matrix. Arguably 
this decision was made some 25 years ago, and more 
than likely emanated from familiarity with the 
common laboratory spot-test devices, such as pH 
indicator papers, which can therefore be considered 
as the forebears of the present day solid-phase re- 
agents. Even though the selection of cellulose in the 
form of paper was more by accident than design, 
nevertheless it turned out to be a very good choice, 
as will now be seen. 

Figure 1 described schematically the modus oper- 
andi of a typical fibre-impregnated system. With this 
type of solid-phase reagent, the extent of the reaction, 
and hence the concentration of the analyte, is deter- 
mined by measuring the colour change that accom- 
panies the reaction in the solid-phase matrix. This is 
done either visually by comparison of the colour of 
the reacted matrix with a standardized colour chart, 
or by recording instrumentally the reflectance of light 
of a defined wavelength, from the surface of the 
solid-phase element. 

It will be recalled that one reason for interest in 
solid-phase reagents stemmed from the opportunities 
that these devices offer for the stabilization of some 
analytical reagents. It has been known for some time 
now that polyhydric alcohols can have a stabilizing 
effect on the structure of proteins. Indeed, in the 
industry, certain polyols are often used to stabilize 

For the visual measurement, the comparison stan- 
dard colour scales are typically made up of a number 
of discrete colour blocks, each of which corresponds 
to a different concentration of the analyte, and the 
colour of the reacted matrix is matched to that of a 
particular block, or interpolated between the colours 
of two adjacent blocks. Clearly the quality of the 
result depends on the ease and certainty with which 
the observer can discriminate between the component 
colour blocks of the scale. To optimize this discrim- 
ination, the colour blocks must be distinctly different 

labile protein preparations.16 Owing to its polyhydric 
character, cellulose also can exert a stabilizing 
influence on neighbouring proteins, perhaps by for- 
ming hydrogen bonds with them in such a way that 
a greater degree of stability is conferred upon the 
protein structure. Consequently, experience has 
shown that some biochemical systems have enhanced 
stability when included in solid-phase cellulose matri- 
ces I7 Thus it is not surprising that many cellulose- 
baied solid-phase reagents, perhaps containing labile 
component enzymes, are stable for many months, 
even when stored at room temperature. 

Another factor which is associated with the cellu- 
losic nature of the fibre-impregnated systems and 
which also contributes significantly to their good 
stability, is the high degree to which cellulose can be 
dried. Thus, under carefully controlled conditions, 
such as those prevailing during the manufacture of 
the fibre-impregnated systems, cellulose matrices, 
such as paper, can be dried to an extremely low 
residual water content. Since the denaturation of 
enzymes is a solution phenomenon, this process is 
dramatically arrested when these proteins are stored 
in the dry state, especially when they are in close 
proximity to the stabilizing influence of a polyhydric 
alcohol such as cellulose. 
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Fig. 5. Instrumental methods used for the measurement of the colour of reacted solid-phase reagents by 
reflectance photometry. 

but the concentration steps must be close enough for 

the results to be clinically meaningful. 

In order to achieve this goal, the analytical reaction 
used must produce coloured products, the concen- 

tration and spectral characteristics of which both 
must change with the analyte concentration. In this 
way, both the intensity and wavelengths of light 
reflected from the reacted solid-phase reagent will 
change with analyte concentration and thereby 
maximize the visual discrimination between colours 
corresponding to different analyte concentrations. In 
practice, this can sometimes be achieved by using 
combinations of different chromogenic reagents or by 
inclusion in the solid-phase reagent of background 
dyes which interact spectrally with the product 
chromophores to achieve the desired effect. 

Obviously, instrumental measurement of the 
colour change in the solid-phase matrix will improve 
the quality of the results by removing the subjective 
component of the visual method, but it is fair to point 
out that the price of better quantification has to be 
paid in the currency of convenience. Thus, to achieve 
a precision comparable with that of traditional 
solution-based analytical procedures, the solid-phase 
techniques have to forfeit their freedom from instru- 
mental encumbrances. However, this lost benefit can 
be offset by decreasing the size and complexity of the 
instrument used. A conspicuous trend in the evo- 
lution of fibre-impregnated systems is the devel- 
opment of such instrumentation. 

Because of the opacity of the solid-phase reagent, 
the colour developed can only be measured by 
reflectance spectrophotometry. This technique 
involves measuring the intensity of light reflected and 
scattered from a surface of the solid-phase reagent 
when that surface is irradiated with light of a wave- 
length which is absorbed by the reaction products. In 
principle, this is performed in one of two ways, as 
illustrated schematically in Fig. 5. 

In the first way, the sample is applied to the top 
surface of the solid-phase reagent and after it has 
permeated into the reagent and the reaction has 
occurred, the resulting colour is determined by mea- 

suring the reflectance from the same surface. This 
approach has been the one adopted so far for mea- 
suring instrumentally the colours of reacted solid- 
phase reagents of the fibre-impregnated type. In the 
second way, the sample is applied to the top surface 
of the solid-phase reagent and, after the ensuing 
reaction, the colour is measured by monitoring the 
reflectance from the reverse side of the element, as 
shown in Fig. 5. This is the approach that has been 
used for measuring the reaction colours of the multi- 
layer film systems that are described later in the 
review. 

As shown in Fig. 5, the concentration of the 

reaction products formed in the fibre-impregnated 
systems is determined instrumentally by measuring 
the reflectance of light from the top side of the 
analytical element. In essence, this process involves 
irradiating the top surface of the matrix with light 
and measuring the intensity of light of that wave- 
length as it is reflected from the same surface. In 
reality, the light is not reflected only from the top 
surface, as would be the case with an ideal reflector 
or mirror, but penetrates into the solid-phase matrix, 
as shown in Fig. 6. Inside the solid-phase system the 
light is affected separately by the solid and liquid 
components of the heterogeneous matrix. Thus, the 
solid components, such as the fibres, scatter part of 
the light, and the liquid component, which contains 
the reaction products, absorbs part of the light. These 
events take place both before and after the light is 
reflected from the interface of the matrix and the 
plastic support on its lower surface; in other words, 
throughout the passage of the light through the 
solid-phase reagent. To relate the concentration of 
the reaction products to the intensity of the light 
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Fig. 6. Schematic representation of the events occurring when a light-beam irradiates a typical 
fibre-impregnated solid-phase reagent. 

leaving the matrix, it is necessary to take all events 
into account. Kubelka and Munk” studied this 
model of a diffuse reflector and developed an 
equation which related the concentration of the light- 
absorbing species (C) in the reflector to the measured 
reflectance (R) of the light. In its simplest form: 

C = S(l -RY 
2ER 

(1) 

where S is a scattering coefficient for the effect of the 
solid component and E is the absorption coefficient 
for the liquid component, the relation pertains to a 
reflector with thickness such that the light is either 
absorbed or scattered before it can reach the lower 
reflected surface. In other words, equation (1) 
approximates the behaviour of a diffuse reflector in 
those cases when the difference in intensity between 
the incident and reflected beams is independent of the 
thickness of the structure. This happens to be the case 
with most fibre-impregnated systems and hence this 
equation often approximates their behaviour. 

The reflectance is the ratio of the intensity of the 
reflected beam to that of the incident beam, and may 
be regarded as equivalent to the transmittance term 
(T), in the Lambert-Beer relation [equation (2) 
where L is the path-length]. 

C = log (l/T) 
EL 

(2) 

Figure 7 shows graphically the qualitative similarity 
between these two relationships and suggests that 
reflectance measurements approach transmittance 
measurements in precision. A more detailed treat- 
ment of the behaviour of diffuse reflectors, together 
with a critical analysis of quantitative reflectometry, 
has been presented by Kealey.‘9s20 

We should emphasize that the model developed by 
Kubelka and Munk provides only an approximate 
description of the interaction of light with a solid- 
phase matrix. The mathematical relationships derived 
from experimental data can take functional forms 

different from those derived by Kubelka and Munk. 
A more detailed discussion of this has been given by 
Greyson.” 

Clearly, the measurement potential of solid-phase 
reagents, predicted above, can only be realized if 
appropriate instrumentation is developed. Figure 6 
shows what happens when the surface of a diffuse 
reflector, such as a fibre-impregnated solid-phase 
reagent, is irradiated with light. Owing to the random 
nature of the light-scattering events, both the incident 
nnd the reflected beams are dispersed in all directions, 
and hence only part of the reflected light is collected 
by a simple unidirectional detector such as that 
shown in Fig. 5. To improve the efficiency of the 
measuring process, the more sophisticated types of 
reflectance analysers use a device called an integrating 
sphere, the operation of which is shown schematically 
in Fig. 8. 

In the optical arrangement shown in Fig. 8, the 
light issuing from the lamp undergoes multiple 

I \ 
I I I 1.0 2.0 3.0 4.0 6.0 

Loo (Conammionl 

Fig. 7. Relationship between transmittance and concen- 
tration (---) and between reflectance and concentration 
(p) as predicted by equations (1) and (2) respectively for 

S/E = l/EL = 1000. 
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Fig. 8. Optical arrangement for measuring the colour of a 
reacted solid-phase reagent by reflectance photometry with 

an integrating sphere. 

internal reflections from the inside surface of the 

sphere and so irradiates the surface of the reagent pad 
uniformly from all directions. Thus, by measuring the 
intensity of the reflected light normal to the pad, the 
same effect is achieved as would have been obtained 
had the pad been irradiated unidirectionally and the 
light reflected in all directions been collected equally. 

Figure 8 also shows some other features of a 
reflectance photometer, such as a filter for wavelength 
selection, and a split-beam arrangement to compen- 
sate for variations in the intensity of the light source. 
Such features are incorporated in the reflectance 
analyser described by Zipp” and are essential for 
obtaining the type of results discussed in the next 
section. 

Applications and performance 

Visual and single-analyte systems. Although urine 
test papers were manufactured and sold as diagnostic 
devices nearly a century ago,2’ their widespread use 
and acceptance as analytical tools in rapid testing was 
not really established until the second half of this 
century. Without doubt, the emergence of solid-phase 
reagents as routine analytical tools some 25 years ago 
was catalysed by industry, which developed both new 
and improved solid-phase systems and made them 
widely available. Today, solid-phase reagents of the 
fibre-impregnated type are used for the measurement 
of a wide assortment of analytes, such as enzymes, 
metabolites and proteins in urine, whole blood, 
serum and plasma. 

The first of the new fibre-impregnated systems, 
Clinistix” reagent strip and Tes-Tape@, were devel- 
oped by the American companies, Ames Division, 
Miles Laboratories Inc., and Eli Lilly respectively, 

and both made their appearance in 1956 as tools for 
the measurement of urinary glucose. Free et al6 
described the former system, which used the enzymes 
glucose oxidase and peroxidase, together with the 
chromogenic substrate o-tolidine, and a basic red 
background dye, and Comer’ reported on the latter 
system, which used the same enzymes and substrate, 
but with a basic yellow background dye (Tartrazine, 
C.I. 19140). 

Further tests making possible the measurement of 
a wider range of urinary analytes, such as protein,22 
PH,~~ blood,r4 ketones,25 bilirubin,26 leucocytes2’ and 
specific gravity2* have been developed in more recent 
years and are now widely used in routine urine 
analysis.sx29 

The possibility that solid-phase reagents could also 
be used for the measurement of blood analytes was 
explored by Kohn30 who showed that the 
fibre-impregnated Clinistix@ reagent strips, hitherto 
used for the determination of urinary glucose, could 
also be used for measuring the same analyte in whole 
blood. Thereafter, fibre-impregnated systen 1 ap- 
peared which were tailor-made for the measux ment 
of whole blood glucose. The first of these 
(Dextrostixa reagent strip) again used the enzymes 
glucose oxidase and peroxidase, together with a 
combination of three ancillary chromogenic indi- 
cators to generate the required visual discrimination 
between various glucose concentrations. The per- 
formance of this system and its utility for the mea- 
surement of blood glucose in the management of 
diabetes was reported by Marks and Dawson.3’ 

To improve visual discrimination, more recent 
solid-phase reagents for blood glucose incorporate 
more sophisticated colour scales. Thus Kerner et al.32 
reported the use of Visidex@, which uses two different 
reaction systems to generate two separate colour 
scales that measure glucose in the concentration 
ranges 1.1-10 mM and 11.1-44.4 mM respectively. 
The lower concentration scale utilizes the glucose 
oxidase-peroxidase system, together with the 
chromogenic substrate tetramethylbenzidine, and 
the higher concentration scale uses a Trinder-type 
reaction33 involving the substrates 4-aminoantipyrine 
and 3,5-dichloro-2-hydroxybenzene sulphonic acid. 
This reagent system has recently been improved and 
is marketed under the trade name Visidex II ‘. 

All the solid-phase reagents mentioned above were 
initially designed to be read visually, and various 
reflectance meters were subsequently developed along 
the lines and principles already discussed. One of the 
first of these instruments was developed for use with 
Dextrostix@ reagent strips and the improvement in 
results achieved by use of this instrument-reagent 
system was reported by Jarrett et a1.‘4 As the use- 
fulness of solid-phase reagents for measuring blood 
glucose became more widely accepted, development 
of cheaper and smaller yet more sophisticated meters 
progressed at a rapid pace. Webb et al. have reported 
on the performance of a number of these new 
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systems.35 With continuing advances in micro- 
electronics, it is expected that newer generations of 
meters will be even cheaper and smaller, yet more 
powerful in their overall capability and performance. 

Multi-analyte systems: the Seralyzer@ reflectance 
photometer. More recently, the sphere of application 
of the fibre-impregnated systems has been extended 
to a wider range of analytes, including serum enzymes 
and metabolites, by the development of integrated 
systems comprising the solid-phase reagents together 
with appropriate dedicated instrumentation. The first 
such system (the Ames Seralyzer@ reflectance pho- 
tometer)13 was reported by Turk and Zipp in 1978 for 
the measurement of urea and later described in 
greater detail by Greyson” and Zipp.12 This system 

now consists of a reflectance photometer along 
with solid-phase reagents for 10 traditional blood 
analyses [glucose, urea, uric acid, cholesterol, bili- 
rubin, creatinine, whole blood haemoglobin, trigly- 
cerides, lactic dehydrogenase (LDH), creatine phos- 
phokinase (CPK)], is suitable for use in any location, 
and does not need a skilled operator. It is also 
applicable as a “stat” or back-up instrument in 
clinical laboratories. 

The solid-phase reagent strip used with the 
Seralyzer% system is shown in Fig. 9. A cellulose 
matrix is impregnated with the reagents, dried, and 
then bonded with a special adhesive layer onto a 
plastic support. A white reflective area is incorpo- 
rated under the cellulose matrix to improve the 
reflectance efficiency. A barcode, printed directly 
onto the plastic support, is read by the instrument 
upon insertion of the strip, to avoid improper match- 
ing of reagent strip and module (see Fig. 11, below). 

The Seralyzer& optical system is shown in Fig. 10. 
The light source is a xenon flash-tube which produces 
a high-intensity flash covering the entire spectral 
region. In particular, it provides high intensity at 340 
nm, so enzyme reactions can be monitored in the 
ultraviolet region. The reagent strip sits on a 
constant-temperature table which is pushed into the 
integrating sphere after application of the sample. 

SAMPLE PHOTOOEIECTOR 

RE!=ERENCE 
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Fig. 10. Cross-section of Seralyzer” optical system. 

The environment of the sphere is also thermo- 
statically controlled. The collimator collects the 
reflected light and directs it through an interference 
filter to a solid-state detector. 

The reference detector port directs light scattered 
from the sphere wall to the reference detector. The 
reflectance is the ratio of the sample and reference 
detector signals. This arrangement eliminates error 
due to changes in light intensity from flash to flash. 
The sapphire window which covers the sample and 
reference detector ports minimizes evaporation from 
the pad surface. The interference filter is contained in 
a plug-in module which is specific for each serum test 
and also contains a read-only memory chip which 
programs the processing of the reflectance signals. 
The module and its relationship to the optical system 
are shown in Fig. 11. The microprocessor also runs 
a series of checks and balances on system per- 
formance so that any malfunctions or operator error 
can be easily detected. For example, on completion of 
the calibration, the microprocessor checks the cali- 
bration slope to determine its validity. If the slope is 
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Fig. Il. Cross-section of Seralyzer” reflector photometer 
showing relationship between test module and optical 

system. 
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Table 1. Precision of the Seralyzera system and that of various comparative methods, for analysis of control sera 

Seralyzer Comparative method 

cv, % cv, % 

Analvte Meant 
Within Between 

runs runs Method Meant 

Glucose 

Blood urea 
nitrogen 

Uric acid 

Total 
bilirubin 

Cholesterol 

LDH 

Creatinine 

CPK$ 

HaemoglobinS 

Triglyceride@ 

66.3 4.4 6.3 
214.9 2.5 1.7 
301.9 3.1 2.4 

12.1 3.8 4.1 
31.5 3.9 5.0 
54.3 4.4 3.6 

4.3 4.8 4.9 
8.4 4.4 4.5 
0.64 4.3 8.3 
1.4 2.9 3.0 
4.3 2.5 4.9 

286 2.9 3.4 
399 3.4 3.1 

949 IV/l. 4.6 6.3 
251 III/l. 4.6 4.1 
404 IUjl. 3.4 4.1 

1 .Ol 6.0 5.4 
2.63 3.0 4.7 
5.95 2.2 4.8 

51 IU/l. 3.4 5.8 
180 IU/l. 4.8 4.6 
399 IV/l. 1.9 3.7 

8.2 g/d1 NA 3.4 
14.6 g/d1 NA 2.8 
21.3 g/d1 NA 3.2 

64 3.2 4.6 
202 1.6 1.4 
359 1.8 2.4 

Beckmann 

SMA 6160 

SMA 12/60 

SMA 12/60 

AA II 

Rotochem 

SMAC-Jaffe reaction 

Within Between 
runs runs 

66.1 3.1 6.5 
195.9 1.0 2.4 
310.2 1.0 0.9 

12.2 1.8 2.5 
30.4 0.7 1.5 
54.3 0.8 1.0 
4.4 2.7 1.9 
8.8 5.7 3.3 
0.69 11.9 11.9 
1.5 5.9 3.8 
4.3 2.2 2.8 

300 1.3 3.6 
426 1.7_ 1.5 

1140 III/l. 2.4 4.3 
226 IU/l. 2.4 3.4 
381 IU/l. 2.3 4.1 

1.16 4.5 7.7 
2.32 3.1 5.2 
5.35 2.3 2.2 

*Data extracted from Kannen and Lent3’ unless otherwise noted. 
?A11 values in mg/lOO ml unless otherwise noted. 
SIndependent study at South Bend Indiana Medical Foundation. 
SKhabbaza and Lott, Clin. Chem., 1983, 29, 1212. 

outside specification, an error message is given. Such The performance of this system has been reported 
conditions as improper dilution or operating pro- by Thomas et al.36 and by Karmen and Lent3’. Tables 
cedures or loss of reagent activity or thermal control 1 and 2 summarize typical results and show that the 
will be recognized by the instrument and an appropri- precision is comparable to that of traditional labora- 
ate error message flashed on the instrument display. tory methods and of other automated analysers. 

A complete description of the system has been Recent reports 38 indicate that the enzyme assays 
published elsewhere’*. ALT (alanine aminotransferase) and AST (aspar- 

Table 2. Correlation between Seralyzer@ solid-phase chemistry system and various comparative methods 

Number of Correlation 
Analyte samples coefficient Slope Intercept? Comparative method 

Glucose 134 0.99 1.01 12.8 Rotochem: hexokinase 
106 0.98 1.00 12.5 Beckman Glucose Analyzer 

Blood urea nitrogen 185 0.97 0.95 1.28 SMA 6160 
Uric acid 184 0.94 0.96 0.25 SMA 12/60 

Total bilirubin 194 0.94 0.98 0.02 SMA 12160 
Cholesterol 120 0.97 0.97 6.9 AA II 

114 0.97 1.01 3.0 SMAC 
Lactate 
Dehydrogenase (LDH) 196 0.95 0.96 5.6 Rotochem 
Creatinine 154 0.99 1.06 0.004 SMAC-Jaffe Reaction 
CPK§ 87 0.99 0.97 5.54 DuPont ACA 
Haemoglobinf. 96 0.99 1.03 0.31 Coulter-S 
Triglycerides4 214 0.98 0.95 11.3 Centrifichem 

*All data extracted from Karmen and Lent” unless otherwise noted. 
?A11 values in mg/lOO ml except for LDH and CPK which are in IU/l. and haemoglobin which is in 

g/100 ml. 
gIndependent study at South Bend Indiana Medical Foundation. 
SKhabbaza and Lott, Clin. Chem., 1983, 29, 1212. 
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l&a 
ALANINE + dWOGLUTARATE~ OXALOACETATE + GLLKAMAE 

OXOLOACETATE OAC, WRUVATE + CQ 
MO+* 

PYRUVATE + F’kKWHATE+@ 
PO. MO+2 

Tpp .ACEfYL-PHOSPWTE+COz+H~ 

l-l&= + REDUCED INDICATE pERoxwIAsE, +OXlDL?ED INDICATOR + Hfi 

OAC - OXALOACETATE DE CAWOXYLASE PO - PYRUVATE OxfDAsE 
TFP -THIAMINE wRopHospHATE 

IALTI 

ALANINE + ~W~TOGLLITA~~AE w, PVRUVATE + GLUTAMATE 

F’YRUVATE + PHOSPHATE +Oz w ACEM#liO9PHATE + Cq+ Ii& 

Hz02 + REDUCED INDICATOR -~DA=~ OXIDIZED INDICATOR + H&l 

Fig. 12. Chemistries for Seralyzer” ALT and AST 
determinations. 

tate aminotransferase) will soon be added to the 
Seralyzer@ system. The chemistry for these two assay 
systems is shown in Fig. 12. In contrast to the more 
conventional ultraviolet assays for these enzymes, 
calorimetric assays are used, based on the oxidation 
of an indicator system by peroxide. The choice of 
calorimetry stems from the sensitivity limitations 
encountered in use of substrates such as NADH, 
which have comparatively low molar absorptivities; 
these limitations are most apparent when reflectance 
spectroscopy is used, since it is inherently less sensi- 
tive than absorbance measurement. Table 3 shows 
some precision and correlation data for the ALT and 
AST assays. 

Immunochemistry. Greenquist et a1.39 have reported 
on the performance of a number of solid-phase 
immunoassays utilizing the substrate-labelled 
fluorescent immunoassay technique first described by 
Burd et al.@’ Tyhach et aL4’ have described attempts 
to incorporate immunoreagents for the measurement 
of theophylline and phenytoin, into solid-phase 
matrices. This early work has been significantly 
extended, resulting in the recent report of Greenquist 
et al.” of a calorimetric solid-phase theophylline 
assay utilizing the ARISTM immunoassay system. 
This system, first described by Morris et aL4’ is based 
on a competitive protein-binding reaction in which 
the analyte competes with an analyte-conjugate for a 
limited number of antibody binding-sites that are 
specific for the analyte. The conjugate consists of the 
analyte covalently linked to the prosthetic group of 
glucose oxidase, flavine adenine dinucleotide (FAD). 
In the absence of analyte, the conjugate binds to the 
antibody and is unavailable for further reaction. In 
the presence of analyte, a corresponding proportion 
of the conjugate remains in solution because of the 
competitive binding, and FAD liberated from it 
reacts with apoglucose oxidase to reconstitute glucose 

Table 3. Precision and correlation results for 
Seralyzera AST and ALT assay systems applied 

to control sera* 

CV,% 

Within Between 
Assay Mean, IV/l. Nns runs 

AST 35.0 2.2 2.7 
50.5 2.1 1.9 
82.1 2.1 1.5 

201.8 2.3 2.0 
300.3 2.2 2.3 

ALT 26 2.9 3.3 
51 2.0 1.3 

121 1.8 1.2 
231 1.7 2.3 
330 2.6 3.7 

AST ALT 
Slope 1.0 0.96 
Intercept, IV/I. 0.3 1.9 
Correlation coefficient 0.99 0.99 
qX 9 IVP. 0.3 6.4 
N 95 81 

SY,X = Standard error of the estimate. 
N = Number of samples. 
*From Zipp et ~1.~~ 

oxidase, which is then detected through a coupled 

reaction with peroxidase to yield a coloured product. 
The theophylline assay described by Greenquist et 
al.42 utilizes monoclonal theophylline antibody to 
ensure reproducibility of the immunochemical 
response. 

Figure 13 shows the correlation between HPLC 
and Seralyzer@’ results for solid-phase theophylline 
assay. The precision is reported to be about 5% and 
thus comparable to that of the “wet methods”.39,42 

Litman et aLU have recently described a solid- 
phase immunoassay system for morphine detection, 
based on the enzyme-channelling technique. A glu- 
cose oxidase and horseradish peroxidase enzyme-pair 
is used to generate an insoluble coloured reaction 
product of an immunospecific reaction on the test 
strip surface. The authors claim a potential sensitivity 
of 5-10 pg/l., with a 20-min assay time. Although this 
assay time is significantly longer than that, for exam- 

5 10 15 20 25 30 35 40 45 

HPLC THEOFWYUINE , pe/ml 

Fig. 13. Correlation of Seralyzer@ theophylline assay with 
the HPLC reference method for 45 clinical specimens. The 
regression line statistics are given in the figure. The dashed 

line represents y = x. 
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Table 4. Solid-phase reagent systems available for whole-blood glucose determination 

Measurement 
Name method Manufacturer 

Dexstrostix HI /Glucometer’k 
Dexstrostix”‘/Dextrometer 
GlucoscanTM 
Stat-TekTM 
ReflocheckTM 
Chemstrip bG K /Accu-check 
Chemstrip bG” 
GlucopatTM 
VisidexTM 
Visidex IITM 

Instrumental 
Instrumental 
Instrumental 
Instrumental 
Instrumental 
Instrumental 

Visual 
Visual 
Visual 
Visual 

ple, for the Seralyzer”’ theophylline assay (80 set), 
these enzyme-channelled systems should be useful 
when assay time is not critical and high sensitivity is 
demanded. 

Solid-phase immunoassays, like their blood- 
chemistry counterparts, offer significant advantages 
over comparable wet systems. No reagent mixing or 
manipulation is required and assay times are short. 
These reagents are extremely stable (1 year at room 
temperature for Seralyzer ” theophylline), require low 
sample volumes and only a minimum of skill. Hence 
therapeutic-drug assay testing may soon be as com- 
mon and easy to perform as simple glucose deter- 
minations. 

Whole blood. The multi-analyte solid-phase sys- 
tems just described are used primarily with serum as 
the sample. Those systems designed for whole-blood 
samples are generally for glucose assays in diabetes 
cases. Some of these systems have already been briefly 
mentioned and a summary of those most commonly 
used is given in Table 4. 

Although glucose is so far the only analyte con- 
veniently measured in whole blood, a multi-analyte 
fibre-impregnated solid-phase system utilizing whole 
blood as the sample has recently been announced.45 
This system-the Reflotron/RefloquantTM-uses a 
complex reagent strip on which plasma is separated 
from the red cell components by a glass filter. For 
several analytes the system is claimed to give good 
correlation with other methods, but extensive field 
evaluation has not yet taken place. 

MULTI-LAYER FILM SYSTEMS 

The multi-layer film systems first appeared in the 
literature five years ago, when Curme et ~1.” 
described a multi-layer film reagent for measurement 
of glucose in serum. At the same time, Spayd et aZ.46 
reported similar types of reagent for measurement of 
urea, amylase, bilirubin and triglycerides. Multi-layer 
films are used in the same way as impregnated fibre 
systems, and differ from them only in construction. 
As the name implies, the multi-layer film systems are 
laminated, with the different reagents deposited in flat 
strata. The support material is protein-based instead 
of polysaccharide-based, and in most systems so far 
is gelatin. 

Ames Div. Miles Labs 
Ames Div. Miles Labs. 
Lifescan 
Boehringer-Mannheim Corp 
Boehringer-Mannheim Corp 
Boehringer-Mannheim Corp 
Boehringer-Mannheim Corp 
Kyoto Daiichi 
Ames Div. Miles Labs. 
Ames Div. Miles Labs. 

The simplest configuration of a multi-layer film 
system is shown schematically in Fig. 14. The sample 
is applied to the exposed surface of the top layer 
(which typically is made of titanium dioxide, in order 
to facilitate reflectance measurements from the 
reverse surface), spreads quickly through its porous 
structure, then penetrates into the reactant layer, 
hydrating its contents and initiating the analytical 
reaction. Additional layers can be added to keep 
incompatible reagents separate or to provide a 
sequence of reactions. Such a multi-layer film is 
depicted in Fig. 15, which shows schematically the 
system described by Spayd et ~1.~~ for measurement 
of urea in serum, by the reaction sequence (Fig. 16) 
in which urea is hydrolysed by urease in a strongly 
buffered solution at pH 8.0, and the free ammonia 
formed then reacts with a protonated merocyanine 
dye, and changes its colour to that of the un- 
protonated dye. 

The urease and buffer are located in a gelatin-based 
reagent layer (Fig. 15) which is immediately below the 

. , SAMPLE SURFACE 

Fig. 14. Schematic representation of a simple multi-layer 
film solid-phase reagent. The sample is applied on the top 
layer and then diffuses into the reactant layer, where 
reaction takes place. Typically, the colour is measured by 
reflectance photometry from the reverse side and through 

the base support. 
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NEMLNT LAWN 
IENZYME. BUFFER r# M, 

Fig. 15. Reactions involved in the measurement of urea with 
the multi-layer film solid-phase reagent described by Spayd 

et al4 

porous titanium dioxide layer, and separated from 
the indicator layer by a semi-permeable cellulose 
acetate/butyrate membrane. The ammonia produced 
diffuses through the semi-permeable membrane, 
which forms a barrier to other basic species such as 
the hydroxide ion, and finally into the last layer which 
comprises an indicator in a film of cellulose acetate. 
This type of multi-layer element is used in the East- 
man Kodak Ektachem@ system. 

The multi-layer film approach has been further 
developed by Ohkubu et uI.,~’ who described a multi- 
layer element that could be used with whole blood. 
The device differs from those reported by Spayd et 

~1.~” and Curme et al.” mainly in the make-up of the 
surface layers. The top layer consists of a finely 
woven thin web, which may be cellulose-based. This 
layer is reported to act as a coarse filter which 
removes platelets and red cells as the sample diffuses 
through it. The sample then diffuses through a semi- 
permeable “blocking layer” which allows the glucose, 
now free from blood proteins, to gain access to the 
reactant layer, which is next to the base support 
material. 

Use of the system for determination of whole- 
blood urea nitrogen is shown in Fig. 17. This reagent 
system is used in the Fuji Drichem@ 1000 analyser, 
which is not yet commercially available, and is pack- 
aged as slides which are operationally equivalent to 
the Kodak elements described above. 

Measurement 

With multi-layer film systems, the reflectance mea- 
surement is made on the surface opposite to that of 
sample application. The optics of such a system are 
rather more complicated than those for the simpler 
systems already described. Williams and Clapper4* 
constructed a mathematical model of the system, 

H,N-C-NH,+H,O ~2 NH, + CO2 

UREASE 

NH, + DYE+ (H) -NH,+ + DYE 

Fig. 16. Schematic representation of the multi-layer film 
solid-phase reagent described by Spayd et aI.& for the 

measurement of urea. 

FtASllC MOUNT 

SPREADING LAYER 
REFLECToN LAYER 
REAGENT LAYER 
PDRDUS FILTER 
INDICATOR LAYER 

TRANSPARENT SUPPORT 

PLASTIC MOUNT 

CHEMISTRY 

H2NCONH2 + I+0 * 2NH3 + C@ 

6lWMOCRESCi GREEN + NH3 - BLUE DYE 

Fig. 17. Schematic representation of the Fuji Drichem” slide 
for determination of whole-blood blood-urea nitrogen. 
Note the “filter” layer for screening out interfering 

substances. 

which leads to the equation 

4 = log R, I(&,, - &) (3) 

where DR is the so-called reflective density of the film 
element, which is analogous to absorbance in trans- 
mission spectroscopy, R. is the intensity of light 
reflected from a standard reflector (e.g., a barium 
sulphate surface) in the beam, Rr is a correction factor 
for non-linear effects and R,,,, is the intensity for the 
test film. Like R in the Kubelka-Munk equation, D, 

is a non-linear function of concentration. However, 
D, can be transformed into a function D, which is 
linearly related to concentration by the equation: 

where C is the analyte concentration, tr represents the 
Williams-Clapper transformation, B is proportional 
to reciprocal absorptivity and D, is the reflective 
density for the blank (i.e., C = 0). The effect of the 
transformation is shown in Fig. 18. B, DB and D, are 

EFFECT OF 
WILLIAMS-CLAPPER 
TRANSFORMATION 

loo0 2ooo 3ooo 4ow 5l?a 6ooa 

GLUCOSE CONCENTRATION, mgll 

Fig. 18. Reflective density (D) as a function of glucose 
concentration for a multi-layer film system. D, represents 
the reflective density before and DT that after application 
of the Williams-Clapper transformation;43 From Curme 

et al.‘O 
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Fig. 19. Correlation of Fuji Drichem’E whole-blood blood- 
urea nitrogen assay with SMAC comparative method. 

Regression statistics are given in the figure. 

determined with a three-point calibration technique. 
The need for three points is in contrast to the case for 
diffuse reflectance systems (Kubelka-Munk theory) 
such as an impregnated fibre, for which linear 
response regions can be developed and a two-point 
calibration is all that is required’*. The Williams and 
Clapper approach is valid for both the Kodak and 
Fuji systems since both rely on basically the same 
technology. 

Performance 

The laboratory performance of Ektachem@ clinical 
chemistry slides has been extensively reported by 
Warren el a1.49 and Dappen et aLso Recent reports 
have given the assay performance for a number of 
new enzyme determinations.5’~52 In general the per- 
formance is excellent, with coefficients of 
variation < 2% for some assays and good correlation 
with reference methods. It is interesting that multi- 
layer films appear to be less susceptible than 
impregnated-fibre systems to serum interferences, 
presumably because the various polymeric spreading 
and filtering layers serve as effective screens for some 
interfering substances. 

The performance of the Fuji Drichem@ whole- 
blood glucose assay has been reported and appears 
excellent.47 Figure 19 shows correlation data for the 
Fuji whole-blood urea nitrogen assay, which indicate 
performance comparable to that of impregnated-fibre 
or other multi-layer film systems for serum analysis, 
but as, like the Reflotron/RefloquantTM system, the 
Fuji Drichem 1000 analyser is not yet commercially 
available, final judgement must await extensive field 
testing. 

COMPARISON OF MULTI-LAYER FILM 
AND IMPREGNATED-FIBRE SYSTEMS 

Besides the obvious structural differences between 
impregnated-fibre and multi-layer film systems, the 
differences in the nature of the matrices for these two 
systems can lead to significant differences in their 

physical properties. Thus, Haeckel et al.54 have 
reported that there is an apparent dependence of the 
response of multi-layer film systems on the viscosity 
of the sample. In contrast, the fibre-impregnated 
systems appear to be less affected by added protein 
and sample viscosity, as was shown by Greyson.” A 
further difference arises from the nature of the poly- 
mer used as the matrix for the reactant layers. Most 
fibre-impregnated systems are cellulose-based, 
whereas multi-layer film systems tend to be gelatin- 
based. Gelatin cannot be dried as thoroughly as 
cellulose and the residual water content in the gelatin- 
based reactant layers is about 10%. Consequently, the 
reagents are not totally dry and any protein com- 
ponents are prone to solution denaturation. This 
property of the multi-layer films perhaps accounts 
for the need to store them under refrigeration for 
maximum stability. This higher water content may 
also lead to decreased stability for multi-layer film 
systems because of diffusion effects as well as dena- 
turation effects. The typical “coupler-developer” 
type of indicator systems used in these films can react 
prematurely if the components come into too close 
contact before the main reaction has begun. This 
inactivation would appear as a decrease in reactivity 
with time for these film systems. 

OTHER FILM SYSTEMS 

In addition to the multi-layer film devices described 
above, other analytical films comprising only a single 
film layer have been reported and used successfully 
for some years. The best-known of these is the 
Chemstrip bG@ product of Boehringer Mannheim 
GmbH, which is used for the visual determination of 
whole blood glucose.55 The system consists of a 
polymer film containing the appropriate reagents, 
coated onto a plastic support. The blood sample can 
be removed after a given reaction time and there is 
good colour stability after sample removal.56 The 
Ames Division of Miles Laboratories has recently 
introduced Visidex@ II reagent strips for the deter- 
mination of whole-blood glucose. This product is a 
combination of impregnated-fibre and film tech- 
nology. A hardened gelatin film is coated over the 
cellulose matrix to impart “wipe-off” properties to 
the system as a whole. The blood sample can be 
removed by either wiping or blotting, and the system 
is directly competitive with the Chemstrip bG’” 
product. 

Film systems have also been designed for electro- 
lyte determination. The most common are the 
Ektachem@ slide systems for Na+, K+, CO, and 
Ca*+, which utilize potentiometric measurement 
in combination with ion-selective membranes.” 
Charlton et al.” have reported a solid-phase anal- 
ytical element for the determination of serum potas- 
sium. It consists of a poly(viny1 chloride) film which 
contains a plasticizer and valinomycin. The serum 
sample is diluted with an anionic dye solution and 
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pipetted onto the film surface. The dye molecules 
then partition into the film layer in order to maintain 
electrical neutrality. After removal of excess of dye, 
the resulting colour can be measured by standard 
absorption or reflectance techniques. 

CONCLUSIONS 

It is clear that the technology of solid-phase anal- 
ytical systems has moved extremely rapidly in the last 
five years. From the initial application to blood 
analysis, the applications have been extended to drug 
detection and electrolyte determination. It might 
reasonably be expected that even broader applica- 
tions will emerge in the years ahead as the potential 
of these systems for convenient testing is more fully 
realized, and ultimately clinical chemistry may be 
brought to the bedside. 
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Summary-Flow-injection is the most recent addition to the techniques used in automatic analysis. In the 
simplest form, the sample is injected as a discrete slug into a stream of reagent flowing in a narrow-bore 
tube. Various sampling valves have been used in order to achieve full mechanization, but are not ideal 
for clinical analyses since they are wasteful of sample. An economical alternative has been developed which 
is based on the precise aspiration of sample by a probe. Applications of FIA and this modification in 
particular to clinical chemistry are discussed 

In technological societies innovations commonly ap- 
pear in response to an obvious need. Thus it was that 
in 1957 Skeggs’ introduced his bubble-segmented 
continuous-flow automatic analyser. This was devel- 
oped in response to the intolerable pressure, caused 
by exponentially rising workloads, experienced by 
clinical laboratories all over the Western world. Soon 
after this the discrete analyser appeared. This was a 
simple concept which, despite some daunting prob- 
lems in small-scale chemical engineering, was success- 
fully developed. Subsequently, in 1969, in answer to 
the specific need for simultaneous analyses of cell 
fractions, the centrifugal analyser was developed* and 
this was soon modified for clinical work. The latest 
system to appear, flow-injection analysis, was devel- 
oped simultaneously by Stewart and his co-workers 
in the United States3 and by RdiiEka and Hansen in 
Denmark.4 From very simple beginnings the tech- 
nique has advanced rapidly. This progress has been 
reviewed recently by Stewart’ and R6iiEka.6 

Unlike the techniques mentioned earlier FIA has 
not found immediate favour with clinical chemists 
though it has been received enthusiastically by 
analytical chemists working in industry. 

This indifference on the part of clinical chemists, 
which ignores the enormous potential of the method, 
arises because of the changed expectations of this 
group of workers. They have become used to pur- 
chasing dedicated machines with methodology fully 
developed and comprehensive data-handling systems 
included. So far no manufacturer has offered such a 
package based on FIA. 

The preparation of a brief review such as this, 
aimed at two widely disparate sections of the 
scientific community, is difficult. The clinical chemist 
would possibly prefer a simple account of practical 
possibilities. The analytical chemist would un- 
doubtedly prefer something more sophisticated. 

In classical bubble-segmented continuous-flow sys- 
tems the samples are divided and separated by gas 
(usually air) bubbles; at any one time several speci- 
mens are moving one behind the other through the 
same pipeline and the flow is to some extent tur- 
bulent. 

In flow-injection the approach is quite different. 
The sample is injected as a discrete slug or bolus into 
a stream of reagent moving under conditions of 
laminar flow in a narrow-bore tube. No air is admit- 
ted, so the slug, flowing along the so-called reactor 
tube, remains intact throughout and is normally 
cleared completely from the system before another 
sample is introduced. When fast reactions are used, 
throughput can be high, and indeed Tijssen’ has 
reported that under special conditions analytical rates 
of 900/hr can be achieved. Slower reactions must be 
dealt with differently; use is made of the lack of 
elasticity in the system and the sample is arrested to 
allow the reaction to proceed, but this of course limits 
the throughput. A limiting factor on throughput is 
the preparation of samples, if preliminary treatment 
is necessary. 

The behaviour of the slug of sample as it travels 
through the reactor tubing is of cardinal importance. 
Since it generally moves under conditions of laminar 
flow it may be thought of as having the classical 
parabolic velocity profile, progressively adopting a 
bullet-shaped form with a hollow tail as shown in Fig. 
1. If this were the only phenomenon involved the slug 
would rapidly disperse into the reagent stream, but 
the behaviour of the slug is greatly modified by radial 
diffusion. The tip of the slug continually diffuses 
outwards, entering slower moving streams of reagent 
and thus being retarded; conversely, the tail of the 
slug diffuses inwards into more rapidly moving 
streams and is thus accelerated. Apart from limiting 
the longitudinal dispersion of the slug this must also 
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Fig. 1. Convection/diffusion-induced dispersion of a sample slug in a flowing stream. (a) Laminar-flow 
velocity profile; (b) dispersion of sample slug caused by convection; (c) sample zone modified by molecular 
diffusion. (The drawing is not to scale; a lo-p1 sample injected into a 0.5-mm bore tube would occupy 

a length of about 5 cm before dispersion.) 

modify its shape. Vanderslice et ~1.~ show some practical working formula, but it describes only the 
estimates of shapes at various stages of development maximum concentration of sample in the slug. 
of the moving bolus. Most figures of this kind, 
including our own Fig. 1, are misleading in that they Several factors govern the degree of dispersion. 
suggest that the slug is short and compact; in fact, a 
25-~1 slug injected into a 0.5-mm bore tube is imme- 
diately over 125 mm long and it may well be ten times 
as long by the time it leaves the system. The radial 
diffusion ensures efficient mixing with the reagent: the 
moving slug is continuously exposed to fresh bound- 
ary layer and since this is composed of undiluted 
reagent the latter diffuses rapidly into the slug until 
equilibrium is approached. These processes are rapid 
because of the small diameters employed. Linear 
diffusion has very little effect and in fact the slug can 
be held stationary for prolonged periods without 
significant sample-spreading occurring. 

The classical work on the behaviour of liquids 
flowing in narrow-bore pipes is that of Taylor’,” and 
much of the theoretical discussion used in FIA is 
based on his work. 

The dispersion, or spread, of the slug as it travels 
along the tube has been defined by RhiiEka and 
Hansen” as the ratio of the concentrations of the 

(1) Size of sample. Large samples give smaller 
dispersions than small samples; the ultimate lim- 
itation is the steady state, when the sample is 
infinitely large and the dispersion is 1.0. 

(2) Length of reactor tubing. All other things 
being equal, the dispersion is proportional to the 
square root of the length of the reactor tubing. In 
practice, most work is done with tube lengths of 
<l m. 

(3) Tube diameter. The larger the diameter, the 
greater the dispersion, which increases approximately 
with the square of the radius. The upper limit for the 
internal diameter is perhaps 1.0 mm; with larger 
diameters it becomes difficult to maintain the in- 
tegrity of the slug. The lower limit is determined by 
practical difficulties (high pumping pressures, ten- 
dency to blockage and so on). Tijssen’ has worked 
with tubing of only 20 pm bore. In practice, tubes of 
internal diameter 0.54.8 mm are most commonly 

sample before and after the dispersive process has 
used. 

taken place. In practice this is easily determined by 
(4) Flow velocity. The effects of this appear to 

injecting a slug of sample and measuring the peak 
have been insufficiently investigated. In our work 

height obtained with the read-out device being used. 
with 0.5-mm tubing, the dispersion increased with 

The sample is then pumped continuously, without 
flow-rate up to about 0.5 ml/min; above that rate, the 

carrier solution, and the peak height at steady state 
dispersion decreased. 

measured. The dispersion coefficient D = Ho/H There are two other factors which should be men- 
where H” is the peak height at steady state and His tioned. First, if the reactor tubing is tightly coiled the 
the peak height given by the injected slug. This is a dispersion is decreased. It has been suggested that this 
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is a centrifugal effect, but this is not a wholly 
satisfying explanation. Secondly, the effect of tur- 
bulent flow can be exploited. Although most work 
has been done under conditions of laminar flow, 
Tijssen’ and Reijn et al.‘* argue that the flat velocity 
profile obtained under conditions of turbulent flow 
should give reduced dispersion, and, working with 
reactor tubes packed with glass beads, have shown 
this to be true. 

The behaviour of the travelling slug is obviously 
very complex; all the possible variables in the system 
interact with each other and are probably modified in 
their turn by the chemical reaction itself.13 

Important contributions to the theory have been 
made by Reijn et ~1.‘~ and Vanderslice et aL8 These 
largely mathematical treatments do not, however, 
explain some of the phenomena encountered when 
working with the technique. For example, with in- 
tensely coloured samples it is occasionally possible to 
see the main body of the slug preceded by a fine 
thread; again, insoluble matter appears to travel more 
rapidly than material in solution, perhaps under the 
influence of factors suggested by Repetti and 
Leonard” for red blood cells; then, for what it is 
worth, there is some anecdotal evidence that a sub- 
stance can pass forward through the slug without 
reacting with it. There seems to be a good case for 
making photographic studies. 

Notwithstanding the uncertainty of these variables, 
the behaviour of the slug remains remarkably re- 
producible provided that the system, once set up, is 
undisturbed. 

In general, limited dispersion (D = l-3) is used 
where high local concentrations of sample are re- 
quired, for example, with measurements by ion- 
selective electrodes, whereas medium dispersions 
(D = 3-10) are needed for many of the reactions used 
in clinical chemical analyses; however, several im- 
portant clinical determinations require systems de- 
signed to produce large dispersion (D > 10). 

FIA is remarkably versatile, and there are a num- 
ber of modes in which it may be used which are 
particularly useful in clinical chemistry. The most 
fundamentally useful manoeuvre is “stopped-flow”. 
Because the system is inelastic, when the pump is 

stopped the slug is immobilized and its integrity 
remains preserved for long periods. This is exploited 
in two ways. First, when a period of incubation is 
required, the slug can be arrested in the reaction 
tubing for as long as necessary; this, of course, limits 
the throughput. However, with careful choice of 
reactor tubing it is possible to arrest two or three 
samples, separated by uncontaminated carrier liquid. 
Secondly, when kinetic studies are required, the slug 
can be arrested in the flow-through cell of the de- 
tector and the changes recorded during the appropri- 
ate time. “Stopped-flow” operation requires precise 
timing. 

A disadvantage of the basic system is that reagent 
consumption can be large (though still small in 
comparison with other methods). This problem has 
been overcome by Bergamin et aZ;16 with a technique 
which they have named “merging zones.” In this 
technique, the carrier liquid is distilled water, and two 
streams of it are pumped. A bolus of sample and a 
larger one of reagent are injected simultaneously into 
the respective streams, which join downstream at a 
T-junction in such a fashion that the reagent slug 
overlaps the sample. Once set up, this arrangement is 
remarkably stable, but it does give larger dispersions 
than the conventional approach. Other techniques 
reported which are applicable to clinical work include 
solvent extraction,“-” gas transfer22 and dialysis.23 In 
the case of dialysis, it should be possible to operate 
in a counter-current mode, with greater efficiency 
than obtainable with the unidirectional flowing 
streams required by gas-segmented systems. How- 
ever, in our hands, attempts to operate with counter- 
flowing streams have been disappointing. 

FIA IN PRACTICE 

Simple flow-injection systems can be easily assem- 
bled from items of equipment usually available in 
clinical laboratories. A basic system requires no more 
than a means of propelling the stream of reagent, a 
coil of reactor tubing, some means of injecting the 
sample, and a detector with a flow-through cell 
together with some means of recording the output 
(Fig. 2). 

Fig. 2. Configuration of a simple FIA system based on reaction between the sample (S) and the reagent 
(R). A pump (P) propels the stream through the reaction coil (RC), through the detector (D) and to waste 

(W). These symbols are also used in Figs. 34. 
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P 

Fig. 3. Automated FIA. The sample is drawn from the sample turntable (T) into the bore of a motorized 
rotary valve (RV). The valve then rotates through 90” and “injects” the sample into the reagent stream. 
The valve is fitted with by-pass tubes (B) to allow flow of reagent when the valve is in the “fill” position. 

The stream of reagent may be propelled in a variety 
of ways. In their original apparatus Stewart et al.’ 
used a pressurized reservoir. This has the merit of 
simplicity and also provides non-pulsatory flow. 
Mechanical constant-flow pumps intended for HPLC 
have been used by some workers, for example Rocks 
et ~1.~~ Whilst these arrangements work well, a sepa- 
rate pump or reservoir is needed for each flowing 
stream. Peristaltic pumps do not have this disadvan- 
tage, but the severe pulsation produced by some 
models is undesirable. Least pulsation is given by 
pumps which have closely spaced rollers, together 
with platens which are designed so that the rollers lift 
off them gradually. Some workers have used pulse- 
suppressing devices 25,26 but Vanderslice et al.’ suggest 
that a slight degree of pulsation may be beneficial. 

The sample can be injected in a variety of ways, of 
which the simplest is direct injection by means of a 
syringe, either through a septum4*24 or a “flap” 
valve.27,2a Injection septa of the type designed for 
HPLC are very suitable. However, the majority of 
workers have favoured some form of valve capable of 
transferring an accurately measured volume of 
sample into the flowing stream of reagent. The basic 
principle is indicated in Fig. 3; the hole in the key of 
a stopcock provides the volumetric measure, and 
when filled with sample is rotated into the flowing 
stream. A by-pass is necessary to avoid interrupting 
the flow of reagent and this must be arranged so that 
it provides greater resistance to flow than the hole in 
the key does. A considerable number of variations on 
this theme have been described. Perhaps the first to 
be used was the slide valve activated by compressed 
air, devised by Stewart et al.’ A similar principle, in 
a manually operated valve, was employed by Ber- 
gamin et al. I6 Most workers have preferred to use 
rotary valves; custom-built valves of this type have 
been described by RdiiEka and Hansen,*’ 
Mindegaard29 and Anderson.” Riley et al.” have 
described a motorized version. Rocks et aZ.32.33 have 
successfully used commercially available manually 
operated laboratory stopcocks, whilst a number of 

workers, for example Pardue and Fields,34 Fogg ef 
a1.‘5 and Strohl and Curran have used loop 
sampling-valves of the type manufactured for use in 
HPLC. 

In the case of the custom-built rotary valves, the 
hole in the rotor, or alternatively a separate loop of 
tubing, provides the volumetric measurement of the 
sample. Sample is either injected into the sample 
valve by means of a syringe, or is passed through it 
by means of the peristaltic pump. If the latter ap- 
proach is coupled with a motorized valve, a com- 
pletely automatic system is possible3’ (Fig. 3). Rotary 
valves have disadvantages; the sliding surfaces are 
very vulnerable to wear, a problem which particularly 
affects the custom-built valves already mentioned, in 
which the stators are generally made of acrylic poly- 
mer and the rotors of PTFE. It is in any case a 
formidable task to machine a really flat surface on a 
PTFE rotor. 

The introduction of injection valves greatly compli- 
cated what is fundamentally an extremely simple 
system. As an alternative, R6iiEka and Hansen” have 
proposed a technique they have named “hydro- 
dynamic injection”. The essential features are shown 
in Fig. 4. Two pumps are required, one pumping 
reagent and the other pumping sample. In practice, 
the reagent pump, P2, is stopped and the sample 
pump, Pl, started to draw sample through the side- 
arms and fill length L of the reactor line. The sample 
pump is then stopped and the reagent pump started, 
and the segment of sample held in length L moves on 
into the reactor coil. 

Harrow and Janata3’ have proposed a modification 
of this arrangement in which the sample introduction 
pump is replaced by a hand-operated vacuum pump. 
Solenoid pinch-valves are used to stop and start the 
carrier flow and to allow sample to be drawn into the 
reactor tube. By control of the operating time of the 
valves, different sample volumes may be drawn into 
the system. This method of injection is claimed to be 
more precise than either the use of injection valves or 
“hydrodynamic injection”. 
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Fig. 4. Sample introduction by “hydrodynamic injection”. A second pump (P2) is used to draw sample 
into the section of the reaction tube marked L. 

This approach, and the previously mentioned 
systems employing rotary valves, all suffer from a 
common fault; not only must the entry and exit tubes 
be filled with sample over and above the volume 
required to fill the sample-measuring space, but also 
an excess of sample must be used to flush out 
the residue of the previous specimen. This is un- 
acceptable in clinical chemistry, where the size of the 
specimen is always limited, and sample volumes of 
less than 50 ~1 are the aim. This requirement of strict 
economy of sample prompted Riley et ~1.~~ to adopt 
a different approach, which they call “Controlled 
Dispersion Flow Analysis”. The simplest form of this 
is indicated in Fig. 5. In this system the peristaltic 
pump is driven by a stepping motor controlled by a 
microcomputer. The sample probe normally rests in 
a reagent container, R, so reagent is pumped through 
the system between samples. When a sample is 
offered to the machine, the pump is stopped and the 
probe is transferred to the sample container, S. The 
pump then rotates through a precise predetermined 
angle, and again stops. The probe is returned to the 
reagent container and the pump restarted. The sam- 
ple slug travels up the probe, through the pump and 
onwards into the reactor tubing and finally the 
detector, no part of the sample being wasted. When 
this system was first constructed it was expected that 
the journey through the pump would increase the 
dispersion of the sample slug. This was tested by 
measuring the dispersion in the new system and 

comparing it with the dispersion obtained with the 
pump sited downstream of the detector. Surprisingly, 
appreciably less dispersion occurred when the slug 
travelled through the pump. 

Economy in use of expensive reagents is of only 
slightly less importance than economy of sample and 
therefore the system was subsequently modified to 
make use of the merging zone technique. As indicated 
in Fig. 6, the dipping mechanism is fitted with two 
probes and two pump tubes, one each for sample and 
reagent respectively. The probes normally rest in a 
container of distilled water, C. When a sample is 
offered to the machine the sample probe is transferred 
to the sample container. As in the previous example, 
the pump makes a precise angular movement, but this 
time both a sample and a reagent slug are created and 
subsequently pumped onwards to meet at a T- 
junction downstream from the pump. Typically, 
sample volumes of 10-20 ~1 and reagent volumes of 
50-150 ~1 are used. It is, of course, possible to use 
two or more reagent probes, merging the sample and 
reagents either simultaneously or one after the other 
at predetermined time intervals.“” 

The earliest model of this machine was operated 
effectively under the control of a simple cam timer, 
but this was soon replaced by a microcomputer. The 
enormous benefits conferred by computer control 
make the additional expense and complications 
worthwhile. In particular, computer control, by feed- 
ing exactly the correct number of pulses to the 

r-l A A - 
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Fig. 5. Basic “controlled dispersion” analyser. The broken line represents probe movements. 
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Fig. 6. Merging-zone “controlled dispersion” analyser. Sample and reagent are simultaneously aspirated 
into independent carrier streams (C) of demineralized water. Sample and reagent zones merge at a 

T-connector (T). 

stepping motor, ensures maximum sampling pre- 
cision. The same pulse-counting technique is in- 
valuable in stopped-flow work, ensuring that 
successive samples are treated identically; a peak- 
identification programme enables the correct condi- 
tions for stopped-flow to be set and can verify at any 
time that these conditions are being maintained. In 
addition to its control functions, the computer can 
deal effectively with the data output of the system. 

Detectors 

In clinical chemistry, most requirements for sample 
detectors are met by relatively simple flow-through 
photometers. An important requirement is that the 
volume of the flow-through cuvette is small; the type 
of cell used in HPLC detectors, typically 8 ~1 in 
volume, meets most needs. Refractive-index effects 
can be a problem with the small diameter light-paths 
used in these cells, especially if zones of liquid with 
widely different temperatures pass through the cell. 
These effects can be minimized by maintaining the 
reactor coil and cuvette at the same temperature. 
Anderson3’ suggests that refractive-index effects are 
unimportant at absorbances >0.05, but with the 
wide range of values commonly encountered in 
clinical chemistry, measurements at such low levels 
sometimes have to be made. 

FIA has been used with considerable success in 
clinical chemistry as a means of feeding samples to 
various other detectors (see Table 1). 

The output signal generated by the detector is 
conveniently displayed with a fast-response chart 
recorder. Because the response curves do not reach 
the steady-state plateau and the sample zone passes 
through the detector relatively quickly, the recorder 
trace has the form of sharp peaks (Fig. 7). 

The most convenient method of calibration is to 
use peak heights, i.e., the peak maximum is taken as 
the reference point from which the read-out is ob- 
tained. However, any other point on the output 
signal may also be used, provided all readings are 
taken at exactly the same place. In practice this is 
accomplished by taking the readings at a fixed time 
after sample injection. By monitoring several points 
on the trailing edge of the peak a multipoint cali- 
bration curve may be constructed from a single 

From the clinical chemist’s point of view a useful 
feature of all FIA systems is that start-up and 
close-down times are very short. Except for detector 
warm-up time the FIA system is ready for operation 
almost as soon as the pump has been started. When 
the work is finished, reagent and sample are easily 
and quickly removed from the conduits by pumping 
distilled water for a short period. Hence FIA should 
be very suitable for stand-by or emergency applica- 
tions. 

Sample viscosity 

When we first began to investigate FIA we became 
concerned that the variation in viscosity between 
different biological specimens would make the tech- 
nique unsuitable for clinical use. In fact FIA has been 
used to estimate viscosity.4’43 The greater the vis- 
cosity of the solutions the less they disperse into the 
carrier solution. However, in most of the assays that 
we have investigated, viscosity effects have not been 
a problem, although when manual injection tech- 
niques are used, 24*4 the rate of injection can be 

Fig. 7. Recorder trace showing the characteristic shape of 
FIA peaks. The peaks resulted from the duplicate injection 
of (right to left) 0.5, 1.0, 1.5 and 2.0mM magnesium 
standards followed by two serum samples, into an atomic- 
absorption spectrophotometer by means of a simple FIA 

11 system.” injection of sample.6 
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influenced by the viscosity of the sample, and in this 
case aqueous standards should be modified to have a 
viscosity near to that of the sample to be assayed. 

There are no literature reports of viscosity prob- 
lems encountered when using injection valves. In 
systems designed to give high dispersion, the sample 
soon becomes diluted with the carrier and any 
difference in viscosity between samples and/or stan- 
dards soon becomes negligible. In low-dispersion 
systems, differences in viscosity may have a greater 
effect and aqueous and serum-based standards may 
not always yield comparable results. 

APPLICATION OF FIA TO 
CLINICAL ANALYSES 

Many of the most frequently requested assays in 
clinical chemistry laboratories can be done by FIA. 
Table 1 is a compilation of determinations performed 
on clinical specimens. Although interesting, some of 
the determinations involve esoteric methods and 
would be most unsuitable for routine hospital use. 
Additionally, many of these report results only for 
standard solutions, or a very small number of 
samples taken from patients (i.e., real specimens), 
and consequently should be regarded as feasibility 
studies. As a crude guide to clinical usefulness, we 
have indicated (by an asterisk) those determinations 
in which more than ten different clinical specimens 
were assayed. We have not included systems incor- 
porating mixing chambers or columns of immobilized 
enzymes, since in such systems laminar flow does not 
predominate. Lists of clinically relevant species deter- 
mined by FIA, but not all in clinical specimens, have 
been previously compiled by RfiiiEka and Hansen** 
and by Rocks and Riley.45 

In the simplest system the sample is injected into a 
stream of demineralized water (or buffer) and swept 
by the moving stream to a detector such as an 
atomic-absorption spectrophotometer or an ion- 
selective electrode. The sample size and flow condi- 
tions can be adjusted to produce the desired degree 
of sample dispersion (dilution) before it reaches the 
detector. For example, zinc in serum is easily deter- 
mined by using this approach.44 The analytical peak 
is available 8 set after injection of the SO-p1 sample. 

Rapid calorimetric tests can be performed by 
injecting the sample into a flowing stream of reagent 
and recording the colour intensity of the resulting 
products. Assays in this category include albumin, 
total protein, calcium and chloride. These deter- 
minations require FIA systems capable of producing 
high dispersion (D > 40). High dispersion is best 
achieved by using the smallest sample size consistent 
with adequate sensitivity. Increasing the dispersion 
by increasing the reactor tube length and/or radius 
produces peak broadening and reduces the sampling 
rate. However, the injection of very small volumes 
imposes great demands on valve design and in prac- 

tice most FIA valves have a minimum delivery vol- 
ume of between 5 and 10 ~1. This means that most 
simple FIA systems work most efficiently, in terms of 
sampling rate and reagent consumption, when 
D < 10. A common way round this problem is to 
dilute the specimen appropriately before injecting it 
into a conventional FIA system (see Table 1 for 
examples). Another approach, useful for small mole- 
cules, is to use dialysis as a means of rejecting the 
bulk of the sample.46 Converging streams can also be 
used to perform an “on-line” dilution of the sample 
before it encounters the reagent stream.47,48 

Mindegaard29 has described a novel method of 
dealing with concentrated samples, based on the 
merging-zone principle. The sample and reagent 
zones are put slightly out of synchronization so that 
when the streams converge the reagent zone overlaps 
the relatively dilute tail of the sample zone. By this 
method albumin was measured, without predilution, 
at a rate of 300 samples per hour. 

The sample introduction system described by Riley 
et aI.39 has an advantage over the valve system, in that 
the sample volume is more easily varied and volumes 
of less than 1 ~1 can be easily and reproducibly 
sampled when required.@ Moreover, in this system 
the pump tubes may be chosen to give different 
flow-rates, the reagent usually being pumped at a 
higher flow-rate than the sample. Hence the sample 
zone will be further diluted by the reagent zone when 
they meet at the mixing point. Thus this system offers 
a greater range of dispersion coefficients than is 
possible with conventional FIA. 

As mentioned earlier, slower reactions are best 
monitored by stopping the slug of sample in the 
cuvette and observing the initial rate of reaction. 
Additionally, the amount of expensive reagents 
needed can be minimized by the use of merging zones. 
Rocks et ai.@ have used the combined techniques of 
stopped flow and synchronous merging zones to 
determine plasma triglycerides. The procedure used 
7.5 ~1 of plasma and 115 ~1 of reagent. The 
sample-reagent zone was held in the cuvette for 30 
set while the rate of reaction was recorded. 

For analyses involving incubations longer than 
about 1 min, gas-segmented flow analysis will gener- 
ally yield a higher sample throughput than an equiv- 
alent FIA system. However, if a scarce or expensive 
reagent is involved, and sampling rate is not a 
priority, then FIA may still be appropriate for use 
with reactions requiring relatively long incubation 
periods. Lim et al. 49 have used FIA to minimize 
reagent consumption in a homogeneous energy- 
transfer fluorimmunoassay for albumin. Sample and 
reagent (both 36 ~1) were brought together by the 
merging-zones technique and the carrier flow was 
stopped for a 6-min period before measurement. (We 
are not, of course, advocating this approach to 
routine plasma albumin estimation; the method 
shows that relatively long incubations are possible 
when necessary.) 
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Table 1. Assay of clinical specimens by FIA 

Determination (ref.) Tvne of FIA Carrier/reagent 

Albumin in serum 

in prediluted serum 

Alcohol in prediluted 
whole blood and serum 
Ammonia in whole blood 
and plasma 
in serum 

Calcium in serum 

in prediluted serum 

Chloride in serum 

Total CO, in plasma 

Copper in serum 

in deproteinated serum 
Glucose in serum 

in prediluted serum 

y-Glutamyl transferase 
in serum 
pH of serum 

Immunoglobulin, IgG, 
in prediluted serum 
Iron in deproteinated 
serum 
Lithium in serum 
at therapeutic levels 
Lactate dehydrogenase 
in serum 

Lactate in deproteinated 
serum 
rl,-Macroglobulin in 
prediluted serum 
Magnesium in serum 

Phosphate (inorganic) 
in serum 
Potassium in serum 

(47); 
(29) 
(4OY 
(31)’ 
(45) 
(56) 

(49) 

(49) 

(57) 

(50)’ 

(58) 

(59) 

(33)* 

(6’3) 

(60) 

(46) 

(39)* 

(22); 

(44)* 

(61)” 

ii:;* 
(63) 
(64) 

(39)* 

(60) 

(65) 

(32)* 

(24)* 

(31)” 

(66) 

(67,68)* 

(31)* 

(59) 

(33) 

(46) 

(69) 

(70) 

C 

C (&A) 
F 
F 
F 

M 

M/S 

C/S 

C/G 

C/G 

C 

C/D 

M (CDA) 

G 

F 

R 
R 

F;C;D 
M 
C 

M/S (CDA) 

F 

C 

F 

F 

F/S 

F 

F 

F 

F 

F 

C 

F 

F 

Bromocresol Green 
Bromocresol Green 
Bromocresol Green 
Bromocresol Purple 
Bromocresol Green 
I-Anilino-I-naphthalene 
sulphonic acid 
I-Anilino-1-naphthalene 
sulphonic acid 
Fluorescein-labelled 
albumin and Rhodamine- 
labelled antibody 
Alcohol dehydrogenase 
+ NAD+ 
Donor alkali; recipient 
pH indicator dye _ 
Donor: Tris buffer. DH 7.5: 
recipient: Tris buff& 
pH 8.5 
EDTA 

Acidic lanthanum chloride 

Tris buffer 

o-Cresolphthalein 
complexone 
Mercuric thiocyanatei 
ferric nitrate 
Mercuric thiocyanate/ 
ferric nitrate 
Donor acid; recipient 
pH indicator dye 
Water 

Ferric thiosulphate 
Glucose oxidase 
Glucose dehydrogenase/NAD+ 
Glucose dehydrogenase/NAD+ 
Glucose oxidase/potassium 
ferricyanide/luminol 
L-y-Glutamyl-3-carboxy- 
4-nitroanilide 
Tris buffer 

HRP labelled antibody/ 
LDADCF, H,O, 
Demineralized water 

Demineralized water 

Pyruvate/NADH 

Tris buffer 

Lactate dehydrogenase 
NADH 
N-a-Benzoyl-L-arginine 
ethyl ester 
EDTA 

EDTA 

Molybdate/ascorbic 
acid 
Tris buffer 

Demineralized water 

Detection mode 

Photometric 
Photometric 
Photometric 
Photometric 
Photometric 
Fluorimetric 

Fluorimetric 

Fluorimetric 
(Homogenous energy- 
transfer immunoassay 
Photometric 
(NADH) 
Photometric 

Potentiometric 
(ammonia selective 
electrode) 
Flame atomic 
absorption 
Flame atomic 
absorption 
Potentiometric 
(calcium ion- 
selective electrode) 
Photometric 

Photometric 

Photometric 

Photometric 

Flame atomic 
absorption 
Photometric 
Amperometric 
Photometric (NADH) 
Photometric (NADH) 
Luminometric 

Potentiometric 
(pH electrode) 
Fluorimetric 

Flame atomic 
absorption 
Flame atomic 
absorption 
Photometric 

Amperometric 
(pyruvate sensor) 
Fluorimetric 

Flame atomic 
absorption 
Flame atomic 
absorption 
Photometric 
(molybdenum blue) 
Potentiometric 
(ion-selective electrode) 
Flame atomic 
absorption 
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Determination (ref.) Type of FIA Carrier/reagent Detection mode 

Protein (total) 
in serum 
Sodium in serum 

Sulphate (inorganic) 
in urine 

Theophylline in serum, 
therapeutic levels 
Triglycerides in serum 

Urea in serum 

in prediluted serum 

Zinc in serum 

in deproteinated serum 

in prediluted serum, 
simultaneously 
determined with 
sodium, potassium, 
calcium, magnesium, 
lithium, iron 
and copper 

(48)* 

(70) 

(71)* 

(W 

(40)* 

(72) 

(73) 

cw* 
(74) 

(75) 

C 

F 

D 

M/S(CDA) 

M/S(CDA) 

C 

F 

Biuret reagent Photometric 

Demineralized water 

Donor water; recipient 
acidic barium chloride 
solution 
EMIT reagent 

Flame atomic 
absorption 
Turbidimetric 

Photometric 

“Triglyceride enzymatic” 
reagent 
Urease/hypochlorite/phenol 

Photometric 

Urease 

Photometric 
(Indophenol blue) 
Potentiometric 
(pH electrode used 
to measure pH change) 
Flame atomic 
absorption 
Flame atomic 
absorption 
Plasma atomic 
emission 

Demineralized water 

Demineralized water 

Demineralized water 

Type of system: F = single-line FIA 
M = merging zones 
G = gas transfer 
D = dialysis 

C = confluent streams 
S = stopped flow 
R = recirculating reagent 

CDA = controlled-dispersion 
analysis 

NADH = Nicotinamide adenine dinucleotide 
EDTA = Disodium ethylenediaminetetra-acetate 
HRP = Horseradish peroxidase 
LDADCF = leuco-diacetyldichlorofluorescein 
EMIT = enzyme multiplied immunoassay technique 
*Publications in which more than 10 assays are reported. 

Gas-transfer methods have some applications in 
clinical chemistry. For example, an FIA method for 
total CO, in plasma has been described.22 The sample 
is injected into a stream of dilute sulphuric acid and 
some of the liberated carbon dioxide diffuses through 
a gas-permeable membrane into a stream containing 
a pH-sensitive indicator dye. The change in colour of 
the recipient stream is monitored by a photometer. 
Ammonia in whole blood and plasma has also been 
determined by a similar technique in which the 
sample is first made alkaline to convert all ammo- 
nium ions into ammonia.sO 

a foreign species in a given chemical reaction. Inher- 
ent in the FIA dispersion equations’ is the ability to 
determine reaction-rate constants54 and molecular- 
diffusion coefficients.43.55 Gerhardt and Adams” have 
used these equations for rapid determination of 
diffusion coefficients of biogenic amine compounds 
related to neurotransmitters. 

CONCLUSIONS 

In addition to its applications listed in Table 1, FIA 
has been used in other ways which could be of value 
to the clinical chemist. For example, it has been used 
as an interface between a high-pressure liquid chro- 
matograph and an atomic-absorption instrument.5’ 
Abdullahi et al.52 have used FIA as a convenient 
method of studying drug-protein binding inter- 
actions and a generalized method has been 
proposed” for assessing the extent of interference by 

Despite their success in industrial applications and 
their very obvious potential, flow-injection instru- 
ments have so far found little use in routine hospital 
laboratories. There are two reasons for this. First, the 
sampling valves universally used in currently avail- 
able machines are wasteful of sample. Secondly these 
machines do not possess the sophisticated sample- 
handling and data-processing facilities that clinical 
chemists have come to expect, and the pressures on 
the clinical chemist are such that he no longer has the 
time to adapt unsuitable machines. The potential is 
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there-rapid production of results, low reagent con- J. D. McK. Watson and J. Morgon, Clin. Chem., 1983, 
sumption and mechanical simplicity; what is needed 29, 332. 

is the commercial manufacture of machines 40. B. F. Rocks, R. A. Sherwood and C. Riley, Analyst, In 

specifically designed for clinical work. 
the press. 

41. D. Betteridge and J. RdiiEka, T&ma, 1976, 23, 409. 
42. D. Betteridge. W. C. Chena. E. C. Danless. P. David. 
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Snnunary-Enzyme-linked immunosorbent assay (ELISA) methods were developed for determining 
serum levels of antibodies to adenovirus, cytomegalovirus, Epstein-Barr virus, herpes simplex type I virus, 
measles virus, mumps virus, rubella virus, and varicella zoster virus. The assays were evaluated for 
specificity, range, precision and accuracy and found to give satisfactory performances. Serum samples 
from 76 blood donors were assayed for the different antibodies. The antibodies to adenovirus and the 
members of the Herpesviridae had wide concentration ranges, with a significant minority of the samples 
having zero or very low levels, whereas the antibodies to measles, mumps and rubella had narrower 
distributions, with very few samples having levels below the detection limit of the ELISA. 

As part of an investigation of the viral aetiology of 
psychiatric diseases we wished to measure the levels 
of the antibodies to eight common neurotropic 
viruses in the serum of a large number of patients and 
controls. The enzyme-linked immunosorbent assay 
(ELISA) technique of Engvall and Perlmann’ 
appeared to be ideally suited to this purpose. In this 
technique the antigen is immobilized on a solid phase, 
a dilution of test serum is incubated with this solid 
phase, and any antibody present binds to the immo- 
bilized antigen. Non-bound serum components are 
removed by washing, and an anti- 
immunoglobulin/enzyme conjugate is then added. 
The conjugate binds to the immunoglobulin attached 
to the solid phase and, after removal of excess 
of conjugate by washing, the amount bound is 
determined by measuring the product formed by 
incubation with substrate for the enzyme label. 

ELISA has been used to identify and measure 
many types of antibody. 2*3 The major advantages of 
the technique are that it is objective, quantitative, 
sensitive and precise, the reagents are stable and 
non-hazardous, and it is relatively easy and inexpen- 
sive to apply to a large number of samples. 

We decided to develop ELISA methods for the 
antibodies to adenovirus, cytomegalovirus, Epstein- 
Barr virus, herpes simplex type I virus, measles virus, 
mumps virus, rubella virus, and varicella zoster virus. 
Microtitre plates (MTPs) were chosen as the solid 
phase because they offered several advantages, partic- 
ularly for handling large numbers of samples.4 Alka- 
line phosphatase was selected as the enzyme label 
because of its stability and high activity and because 
it can be easily attached to antibody molecules with 
glutaraldehyde.’ The viral antigens were prepared 

*Requests for reprints should be addressed to this author. 

from cell cultures grown in our laboratory or pur- 
chased commercially. The eight assays were evaluated 
for their specificity, range, precision and accuracy, 
and applied to serum samples from blood donors. 

EXPERIMENTAL 

Sera 

Serum samples used for assay evaluation were obtained 
from blood donors aged 20-65 (Blood Transfusion Service, 
Belfast, Northern Ireland). 

Standard sera (positive and negative) for different viral 
antibodies were obtained from Dynatech Laboratories Ltd. 
(Billingshurst, Sussex, England) or Flow Laboratories Ltd. 
(Irvine, Ayrshire, Scotland). 

Control sera for routine use in the assay were: positive 
control-pool of 200 human serum samples (Department of 
Haematology, Royal Victoria Hospital, Belfast, Northern 
Ireland); negative control-newborn-calf serum (Gibco Bio- 
Cult, Glasgow, Scotland). 

Sera were stored in small portions at -70”. 

Assay solutions 

Coating buffer. A 0.05M sodium carbonate buffer, pH 9.6, 
containing 0.02% sodium azide. 

Phosphate-buffered saline/Tween (PBS/T). A 0.02M 
sodium phosphate buffer, pH 7.2,O. 15M in sodium chloride 
and containing 0.05% Tween 20, and 0.02’% sodium azide. 

Substrate solution. A 0.05M sodium carbonate buffer, pH 
9.8, containing 1 mg/ml p-nitrophenyl disodium phosphate, 
and 1mM magnesium chloride. 

Conjugate 

Rabbits were immunized with pure human immuno- 
globulin G (IgG) and the monospecific antiserum was 
purified by treatment with an Ultrogel AcA34-human IgG 
adsorbent.5 The antibodies were conjugated to calf-intestine 
alkaline phosphatase of high specific activity (type VIII; 
Sigma Chemical Co. Ltd., Poole, Dorset, England) by use 
of glutaraldehyde in a one-step procedure.’ Conjugates were 
stored at 4” in 2% bovine serum albumin solution containing 
0.02% sodium azide. 

The activity of different batches of conjugate was evalu- 
ated by reacting dilutions of conjugate with MTP wells 
coated with 100 ~1 of human IgG (5 ng/ml of coating buffer) 
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for 3 hr at 37”. Unbound material was washed out and the 
amount of bound conjugate was determined by incubation 
with substrate solution for 5 min as described below. 

Microtitre plates 

Microtitre plates (M129A; Dynatech Laboratories) were 
used as the solid phase. The binding characteristics of 
samples from each box of 50 plates were evaluated by 
coating the wells with 100 ~1 of human IgG (5 pg/ml of 
coating buffer) for 3 hr at 37”. The wells were washed and 
100 p 1 of conjugate (1: 500 dilution in PBST) were incubated 
at 4” for 18 hr. The amount of bound conjugate was 
determined as described below. 

Antigens 

Adenovirus types 3, 4 and 7 CF antigen (in Vero cells), 
varicella zoster strain 25916 CF antigen (in Vero cells), 
Epstein-Barr virus micro-ELISA antigen (in P3HRl cells), 
and Vero cell control antigen were obtained from Dynatech 
Laboratories. 

Cytomegalovirus strain AD169 CF antigen (in human 
embryonic fibroblast cells) and the corresponding control 
antigen were purchased from Flow Laboratories. 

Rubella HA antigen (in baby-hamster kidney cells) and 
the corresponding control antigen were obtained from Well- 
come Laboratories Ltd. (Beckenham, Kent, England). 

Measles virus Edmonston strain, mumps virus Belfast 
strain and herpes simplex virus type I were grown in Vero 
cells supplied with Eagles BHK medium (Wellcome Labora- 
tories). Infected cell suspensions were washed 5 times in 
0.02M sodium phosphate buffer, pH 7.2, 0.15M in sodium 
chloride (phosphate-buffered saline, PBS), incubated in 4% 
paraformaldehyde solution in PBS at 4” for 15 min and 
washed as before. The suspension was subjected to ultra- 
sonic radiation at 4” for four 30-set periods. Uninfected 
Vero cells were used as the control antigen for these three 
viruses. 

The antigens from commercial sources were reconstituted 
in 0.15M sodium chloride. Protein concentrations were 
determined by the Lowry method,6 with bovine serum 
albumin as the standard, and the antigens were stored, in 
500-p] portions, at -70”. 

Each antigen preparation was screened for non-specific 
effects before use in the ELISA. Endogenous alkaline phos- 
phatase activity was determined by coating MTP wells at 
37” for 3 hr with 100 ~1 of antigen at 50 pg/ml concen- 
tration The wells were washed, substrate solution was 
added, the mixture incubated at 26” for 1 hr and the product 
measured as described below. Non-specific binding of conju- 
gate was measured by treating antigen-coated welis (as 
above) with 100 ~1 of conjugate (1: 100 dilution in PBS/T) 
at 4” for 18 hr. The amount of bound conjugate was 
determined as before. 

ELISA 

To minimize variation, the edge wells of the MTPs were 
not used.’ Each assay was performed in triplicate and each 

half-plate (30 wells) contained positive and negative control 
sera together with 8 test sera. During incubation the MTP 
was tightly sealed with cellophane film. The concentrations 
of antigen preparation, serum sample and conjugate used in 
each assay are listed in Table 1. The procedure is as follows. 

Each MTP well was treated with antigen in coating buffer 
(100 ~1) by incubation at 37” for 3 hr. The wells were washed 
free from unbound material by flooding three times with 
PBST, followed by a 15-min soak in the same solution, and 
then inverted and tapped on a paper towel until dry. A 
IOO-~1 portion of a serum dilution in PBST was added to 
each of the coated wells, and incubated at 37” for 3 hr. 
Unbound serum components were washed from the wells as 
before and rabbit anti-human IgG/alkaline phosphate con- 
jugate diluted in PBST (100 nl) was added to each well and 
incubated at 4” for 18 hr. Excess of conjugate was removed 
by washing as before and substrate solution (200 ~1) was 
added and incubated at 26” for 30 min (or 60 min in the case 
of adenovirus, Epstein-Barr virus and varicella zoster virus 
antibodies). The reaction was stopped by the addition of 50 
~1 of 3M sodium hydroxide. The absorbance of a 100~11 
sample from each well was measured at 405 nm (A,,,) with 
a Vitatron DCP photometer fitted with a flow-through cell 
of 5 mm path-length; the measurements were semi- 
automated by use of an MSE Microelisa reader (MSE 
Scientific Instruments Ltd., Crawley, Sussex, England) con- 
nected to an Apple II microcomputer (Apple Computer 
Inc., Cupertino, California, U.S.A.). 

Each individual absorbance measurement was transferred 
to the Apple microcomputer for storage on magnetic disc. 
The microcomputer produced a tabulated record of the 
assays from each MTP, each serum assay being reported as 
the corrected mean absorbance value and its coefficient of 
variation (CV). The corrected mean absorbance value was 
calculated by subtracting the mean value of the negative 
control serum from the mean test serum value and express- 
ing the results as a percentage of the similarly corrected 
positive control for that particular half-plate. A suite of 
programs was written to allow editing of the data-base of 
raw absorbances and gathering together in a single record 
the mean absorbance values for all the viral antibodies 
appropriate to a particular test serum. Mean absorbauces 
stored on disc were then converted into concentration units 
for each antibody, relative to the positive control values, by 
using a polynomial fitting procedure for the calibration data 
and linear interpolation between the calibration points. The 
resultant data-base could be interrogated to produce either 
the complete spectrum of responses present in a single 
individual or the overall population pattern of response to 
each viral antigen. 

Evaluation of the ELBA methods 

Specificity. Each assay was performed with positive and 
negative standard sera and with antigen and control antigen 
(control antigen for Epstein-Barr virus was not available). 

Range. The positive control (pooled human serum) was 
assayed at dilutions from 1:6.25 to 1:6400. 

Table 1. Concentrations of antigen preparation, serum sample and 
conjugate used in the ELISAs 

Antigen Serum Conjugate 
Virus (p g protein/ml) (dilution) (dilution) 

Adenovirus 128 
Cytomegalovirus 79 
Epstein-Barr 3 
Herpes simplex 28 
Measles 35 
Mumps 48 
Rubella 80 
Varicella zoster 126 

1:lOO 
I:50 
I:50 
1:500 
1:50 
I:100 
I:100 
1:200 

I:100 
1:200 
I:100 
1:200 
1:200 
I:200 
I:200 
1:lOO 
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Precision. Test sera with high, medium or low levels of 
each antibody were assayed 5 times simultaneously, and on 
5 different days for the medium level. 

Accuracy. Sets of 10 test sera with ELISA values covering 
the whole range were assayed by either a neutralization tests 
or an immunofluorescence titration using rabbit anti-human 
IgG and fluorescein-labelled sheep anti-rabbit IgG! 

RESULTS 

Several batches of conjugate were used during the 
course of these experiments, and the preparation 
procedure was found to give reproducibly active 
conjugates. These conjugates lost a negligible amount 
of activity during storage at 4” for one year. The 
different batches of MTPs used were found to be 
satisfactory although the reproducibility of binding, 
as determined by the degree of adsorption of IgG (5 
pgg/ml), could have CVs as large as 8.8% for between 
plate measurements. 

The viral antigens and control antigens employed 
showed negligible endogenous alkaline phosphate 
activity and very low direct conjugate binding. 

The concentrations of the assay components (anti- 
gen preparation, serum sample and conjugate) were 
varied (Table 1) together with the incubation times, 
to optimize the assay conditions. The aim was to 
saturate the solid phase with antigen and to use a 
combination of serum and conjugate dilutions which 
would give: (a) the best discrimination between pos- 
itive and negative serum samples, (b) a response in 
the appropriate range, (c) the most economical use of 
reagents. Incubation times and temperatures were 
chosen so as to allow the reactions to approach or 
reach equilibrium. In the case of the conjugate incu- 
bation, for convenience, 18 hr at 4” was selected 
rather than 3 or 4 hr at 37”. 

The performance of each of the 8 ELISAs was 
evaluated. The spedjicity was tested by using positive 
and negative standard sera together with antigen and 
control (negative) antigen. The results (Table 2) 

showed that the assays could clearly distinguish 
between positive and negative samples. The positive 
and negative control sera incorporated routinely in 
the assays also gave the expected responses, which 
were stable during regular use of the 8 assays over a 
period of 6 months. The possibility of rheumatoid 
factor cross-linking the viral antibody to the 
conjugate was investigated by the addition of sera 
having high titres of rheumatoid factor to sera with 
known levels of viral antibody; no increase in conju- 
gate binding was found. The ELISAs had effective 
ranges of at least two orders of magnitude and gave 
linear log-log calibration graphs of corrected absorb- 
ance vs. concentration of the positive control serum 
(except those for herpes simplex and mumps, which 
were convex with respect to the abscissa). The pre- 
cision was determined by using sera with high, 
medium and low levels of antibody. The CVs found 
for the mid-range replicates (Table 2) had a mean of 
4.8% for within-day and 7.6% for between-day 
assays. The CVs for within-day assays at low and 
high levels were larger, with means of 6.9 and 5.6% 
respectively. The accuracy was evaluated by com- 
parison with the antibody levels found in serum 
samples by a neutralization test or by immuno- 
fluorescence titration. The correlation coefficients 
obtained (Table 2) ranged between 0.78 and 
0.95. 

The methods were applied to sera from a group of 
76 blood donors and the distributions of the 8 viral 
antibody levels were determined. Two basic patterns 
were seen. Adenovirus and the members of the 
Herpesviridae (cytomegalovirus, Epstein-Barr, her- 
pes simplex, varicella zoster) had wide concentration 
ranges, with a significant minority of the group 
having zero or very low antibody levels and a smaller 
minority having relatively high levels. The other 
viruses (measles, mumps, rubella) had narrower 
ranges, which contained few, if any, values that were 
below the detection limit of the assay. Examples of 
the distributions are shown in Fig. 1. 

Table 2. Specificity, precision and accuracy of the ELISAs: specificity was determined by assaying positive 
and negative standard sera, and antigen and control antigen; precision was estimated by assaying 
replicates (n = 5); accuracy is presented as the correlation coefficient of the ELISA results for a set of 
samples with those of a neutralization test (*) or an immunofluorescence titration (t); ND = not 

determined 

Specificity (A,,) 

Virus 

Antigen Control antigen Precision 
(CV, %) Accuracy 

Positive Negative Positive Negative (correlation 
serum serum serum serum Within-day Between-day coefficient) 

Adenovirus 1.090 0.319 0.335 0.324 5.4 8.0 0.88t 
Cytomegalovirus 1.103 0.143 0.198 0.121 5.1 10.6 0.89t 
Epstein-Barr 1.073 0.255 ND ND 4.5 7.4 0.89? 
Herpes simplex 0.429 0.152 0.101 0.114 1.5 4.9 0.95’ 
Measles 0.655 0.236 0.143 0.157 3.5 7.4 o.so* 
Mumps 0.722 0.224 0.061 0.140 5.5 7.2 0.83* 
Rubeila 0.433 0.110 0.107 0.096 7.0 11.1 0.78t 
Varicella zoster 0.982 0.302 0.129 0.117 5.7 4.2 0.8lt 
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Fig. 1. Frequency distributions of viral antibody levels in serum samples from blood donors: A, herpes 
simplex type I virus; B, measles virus. 

DISCUSSION 

The ELISAs described measured antibodies to 
viruses belonging to four groups: Adenoviridae, Her- 
pesviridae, Paramyxoviridae (measles, mumps) and 
Togaviridae (rubella). They all gave satisfactory per- 
formance. The ranges were sufficiently wide for a 
single dilution of most sera to give results falling on 
the calibration curve. The occasional sample having 
a high antibody level could be analysed by assaying 
a higher dilution. For all the antibodies very low 
levels could not be distinguished from each other or 
from zero. The specificity of the assays, as judged by 
the responses given by control (negative) antigen and 
by positive and negative standard sera, was high 
despite the use of antigen preparations in which 
virus-specific polypeptides probably made up only a 
small percentage of the total protein. The positive 
standard sera for herpes simplex, measles and rubella 
did not give high ELISA values and this probably 
reflects relatively low levels of the antibody in these 
sera, as many test sera gave greater responses. The 
negative standard sera gave somewhat higher values 
than the negative control (bovine) serum used rou- 
tinely in the assay; this is probably due to a small 
amount of non-specific binding of IgG and, in some 
cases, to the sensitivity of the ELISA allowing 
detection of low levels of antibody in sera which are 
negative in other tests. (The bovine serum was used 
as negative control in preference to control antigen or 
negative human serum for reasons of economy.) 
Interference by rheumatoid factor and other proteins 
did not present problems with the antigens employed. 
A few commercial antigens, especially rubella anti- 

gens, did not give good discrimination between posi- 
tive and negative sera and they were not used in this 
investigation. Assay precision was adequate and only 
a small number of assays required repetition. This 
was signalled by the computer when the MTPs were 
read, if (a) the CV of the difference between the 
positive and negative control sera exceeded lo%, in 
which case that half-plate of assays was rejected, or 
(b) the CV of the triplicate determinations exceeded 
15x, in which case the individual assay was rejected. 
The accuracy of immunoassays can be difficult to 
determine, as different methods may have different 
biases; however, in the comparisons reported here the 
ELBA results showed reasonably high correlation 
with those from the alternative method of measuring 
antibody level. 

The assays are easy to perform. The small amounts 
of serum required mean that many assays can be 
done on 1 ml of blood and the use of MTPs makes 
the handling of large numbers of assays relatively 
easy, even with only a partially automated system for 
reading the absorbances (with our apparatus the 
MTP had to be moved manually for reading the 
wells). Although the MTPs were coated with antigen 
and used immediately, pretreatment of MTPs may 
allow the antigen-coated solid phase to be stored 
before use.” This, together with the stability of the 
conjugates, adds to the convenience of ELISAs which 
are required for only occasional use during a period 
of many months. The ELBA procedures described 
here take a little over a day to complete, but could 
be accelerated if required, and viral antibody ELISAs 
may be completed in as little as 2 hr.” 
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Although the assays reported here and elsewhere*” Acknowledgements-We wish to thank Prof. S. J. Martin 
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of ELISAs. High-capacity MTPs with more 
for arranging the supply of blood-donor samples. This work 

reproducible adsorption properties have become 
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available and antigen preparations specifically for use 
in highly sensitive ELISAs are now being produced 
commercially. This is very important, as the quality 
of the antigen determines, to a large extent, the 
quality of the assay. Anti-immunoglobulin conju- 
gates specific for different immunoglobulin heavy 
chains and with different enzyme labels are currently 
produced by many different firms. They are usually 
of high activity and can be measured by use of 
fluorogenic substrates, as well as the conventional 
ones, to give increased sensitivity. Automation of the 
technique has developed extensively in recent years 
and machines which can load, wash and read MTPs 
are available from several sources. In addition, 
ELISA kits for the determination of several im- 
portant viral antibodies are now being marketed.‘* 
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Smmnary-The development of an enzyme-labelled immunoassay (EIA) of sufficient range and sensitivity 
for determination of plasma and salivary steroids is described. The method is based on competition in 
the solid phase. A fixed amount of a specific antibody is immobilized on polystyrene beads, its amount 
being enough to bind about 50% of a steroid-enzyme conjugate (covalently linked steroid/horseradish 
peroxidase conjugate). The initial incubation at 25” of serum sample or extract with the conjugate in 
presence of the immobilized antibody is followed by washing and the addition of a substrate for 
measurement of the enzyme activity either calorimetrically by the H,O,/o-phenylenediamine method or 
by the luminescence reaction based on the use of H,O,/luminol. The method is precise and accurate 
(CV i 10% for both the intra- and inter-assay studies). The sensitivity of the calorimetric determination 
is similar to that of radioimmunoassay, but the luminescence method is more sensitive. Radio- 
immunoassay and EIA gave results in good agreement (r > 0.97). The method has also been applied to 
salivary steroids: the procedure is direct and only a few ~1 of saliva are required. The levels of these steroids 
in saliva are only about a tenth of those in serum but directly correlated with them (r > 0.85). The enzyme 
immunoassay proposed is sensitive and precise enough to measure these steroids accurately in saliva and 
plasma. 

All steroids of diagnostic significance in the routine 
assessment of endocrine function can now be mea- 
sured accurately both in plasma and urine samples 
thanks to the development of sensitive and accurate 
radioimmunoassays (RIA). Several methods have 
been described based on the use of radiolabelled 
tracers such as ‘H and ‘251.‘.2 These assays are mostly 
based on a competitive principle and require sepa- 
ration of the antigen-antibody complex. The results 
obtained on biological samples have been validated 
by comparison with independent methods such as 
GC-MS’ and the data agree well. Most procedures 
still require a preliminary liquid extraction of the 
steroids from the serum matrix. Several kits are 
commercially available and wide applications have 
been reported. 

Some problems related to methodology still re- 
main. Data derived from different laboratories for the 
same specimen sometimes disagree and this seems 
related to differences in antibody heterogeneity and 
recovery in the extraction. 

A factor limiting widespread application of tests 
using radioactive materials is the need for expensive 
equipment and consequently the use of these methods 
is mainly limited to hospital laboratories. 

The limited half-life of some radioisotopes (e.g. 
12jI) used in such assays is another drawback when 
these tests are used in small laboratories where only 
a few samples are analysed per day. 

Alternative methods to RIA have recently been 
proposed, including enzyme immunoassay,4 amplified 

*To whom correspondence should be addressed. 

enzymatic methods’ and fluorescence6 (FIA) or 
luminescence’ (LIA) immunoassay. Until now few of 
them have fulfilled the requisites of sensitivity and 
accuracy shown by RIA and few commercial kits for 
steroid analysis are available. 

In addition, the exact definition of endocrine func- 
tion requires the measurement of such steroids in 
urine collected over a 24-hr period or the use of 
dynamic tests with consequent collection of several 
plasma samples. 

Recently Riad-Fahmy et al.* reported the mea- 
surement of steroids in saliva and demonstrated its 
validity by comparing the results with those obtained 
for plasma. They concluded that all steroids, includ- 
ing cortisol, oestriol, testosterone, progesterone, etc., 

can be accurately measured in saliva and that their 
levels are independent of the saliva flow-rate (over a 
range with the highest rate 4-6 times the lowest) and 
reflect those in the free fraction present in plasma. 
A direct method without preliminary extraction 
from the matrix can be developed for saliva even for 
those steroids which require a solvent extraction from 
plasma samples. 

For the clinician the use of saliva sampling 
simplifies the work and reduces stress for the patient. 
These factors, together with a considerable reduction 
in cost, make this test attractive. 

Salivary levels of most steroids are very low, 
between about a tenth and a twentieth of those in 
serum. Consequently an analytical method applicable 
to saliva has to be highly sensitive and accurate to 
detect disease-related variations at picomolar levels. 

895 
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In the present paper we report the development of 
a highly sensitive enzyme immunoassay based on a 
competitive principle, able to measure steroids in 
plasma and saliva samples. 

The method is based on the use of steroid labelled 
with horseradish peroxidase (HRP) as a “label” and 
a steroid-specific antibody immobilized on a solid 
support (polystyrene beads). The method is extremely 
simple and rapid and can be performed in a single 
tube. The enzymatic activity of the HRP-steroid 
conjugate can be measured by conventional col- 
orimetric detection with H,O,/o-phenylenediamine 
(OPD) as substrate or by a luminescence reaction 
using H,O,/luminol as substrate. 

The general method reported here shows a sensi- 
tivity comparable to that of RIA and sometimes 
better, mainly when luminescence detection is used. 
Here we describe the general scheme of the assay and 
its application in the development of sensitive immu- 
noenzymatic assays for progesterone, testosterone, 
oestriol, cortisol and conjugated lithocholate 
(CLCA). Comparison with RIA and validation with 
saliva and serum samples, by an extraction procedure 
or a direct method, is also reported. 

EXPERIMENTAL 

Reagents 

All the reagents used were of analytical grade and used 
without further purification. Steroid-carboxymethyloxime 
derivatives (CMO) were obtained from Makor Chemical 
Ltd., Jerusalem, Israel, or synthesized in our laboratory by 
published methods9 

The purity of such derivatives and steroid standards was 
assessed both by TLC and HPLC and found better than 
98%. Horseradish peroxidase (HRP) was obtained from 
Boehrinaer GmbH. Mannheim. West Germany (Grade 1). 
Sephad& G-100 was obtained from Pharmaia,’ Uppsala, 
Sweden. Polystyrene beads (6.5 mm diameter) were pur- 
chased from Precision Plastic Balls, Chicago, U.S.A., and 
luminol from LKB, Bromma, Sweden. Tritium-labelled 
steroids (specific activity 80-l 10 Ci/mmole) were obtained 
from the Radiochemical Centre, Amersham, U.K. Tritium- 
labelled glycolithocholic acid (specific activity 17 Ci/mmole) 
was obtained from NEN, Worcester, Mass., U.S.A. 

Antibodies 

Antisera were produced in rabbits against (CMO)-bovine 
serum albumin (BSA) conjugated steroids; these derivatives 
were prepared by the previously described mixed anhydride 
method” and in the case of conjugated lithocholic acid the 
antigen was prepared by direct conjugation of gly- 
colithocholic acid with BSA, by a carbodi-imide method, at 
the C-24 carboxyl group. ” The molar ratio of steroid to 
bovine serum albumin, evaluated by adding ‘H-labelled 
steroids to the reaction mixture, ranged from 15 to 20. 
Unbound steroid was removed by gel-exclusion chro- 
matography on a Sephadex G-100 column and dialysis 
against three changes of O.lM phosphate buffer, pH 7.0. 

The immunization technique was similar to that pre- 
viously reported,12 and antisera with adequate titre, affinity 
and specificity were obtained 3-5 months after the first 
immunization. BSA (0.3%) was first added to the rabbit sera 
in order to eliminate any anti-BSA present, by precipitation. 
The IgG-rich fraction was isolated by salting-out precip- 
itation with anhydrous sodium sulphate, following a slight 
modification of the method described by Axen er aLI3 The 

IgG were then extensively dialysed against 0.1 A4 phosphate 
buffer, pH 7.0. 

Immobilizarion. The purified antibody was immobilized 
on polystyrene beads (6.4 mm diameter) previously washed 
with distilled water. An appropriate dilution of IgG was 
incubated with the beads (1 mg/lOO beads) in O.lM phos- 
phate buffer (pH 8) for 4 hr at 4”. The solution was removed 
and BSA solution containing 0.01% of thiomersal was 
added and incubated for 2 hr. The solution was discarded 
and the beads were washed with doubly distilled water, 
dried under vacuum and stored at 4” until use. 

Enzyme-sreroid conjugare 

The mixed anhydride method was selected to conjugate 
the steroid-CM0 derivative with HRP by a slight 
modification of the method originally described by Erlanger 
er al.‘O The conjugate was freed from unreacted steroids by 
gel-exclusion chromatography on Sephadex G-100 and the 
eluate dialysed against three changes (1 litre) of 0. IM 
phosphate buffer, pH 7.0, at 4”. The molar ratio of steroid 
to HRP was evaluated by adding 3H-Iabelled steroid-CM0 
to the reaction mixture. In the case of lithocholic acid, which 
already contained a carboxyl group, the reaction was per- 
formed with a water-soluble carbodi-imide as previously 
reported.” 

Samples 

The method developed is directly applicable to plasma 
samples only for cortisol and CLCA. For the other steroids 
a preliminary liquid extraction is still required for plasma 
samples. The plasma sample (500 ~1) was extracted with 
5 ml of diethyl ether. The ether phase was decanted and 
evaporated to dryness. The residue was then dissolved in 
5 ml of O.lM phosphate buffer (PH 7.0) and 100~~1 aliquots 
of solution were used for the assay. In order to validate the 
method saliva samples were also run, with and without 
extraction. In the case of saliva l-ml aliquots were extracted 
with 10 ml of diethyl ether. The aqueous phase was quick- 
frozen and the ether phase decanted off and evaporated to 
dryness. The residue was dissolved in I ml of phosphate 
buffer and 100~~1 aliquots of solution were used for the 
assay. 

Assay procedure 

The assay buffer used was 0.05M phosphate/EDTA 
buffer (PH 7.5) containing 0.1% BSA. A-100~~1 portion of 
steroid-HRP coniugate (diluted 105-fold) was added to the 
assay tube conta%ng 100 ~1 of sample prepared as de- 
scribed above, or a standard solution. The final volume was 
adjusted to 500 ~1 with assay buffer. The immobilized 
antibody was then added to the tube. The tubes were 
incubated for 3 hr at 25”. 

At the end of incubation the beads (bound fraction) were 
washed twice with 4 ml of water. The enzyme activity of the 
bound fraction was measured by adding 2 ml of “substrate 
solution” (O.lM phosphate buffer, pH 6.0, containing 2 mg 
of OPD and 1 ul of 30X H,O,) to each tube. After incu- 
bation for 30 mm in the dark at 25” the reaction was stopped 
with 200$ of 4M sulphuric acid and the absorbance at 
492 nm recorded. 

The luminescence detection was based on the use of the 
luminol/H,O, system. The washed beads were added to a 
tube containina the “luminescence solution” (I ml of O.OlM 
phosphate buffer, pH 7.0; 0.1 ml of O.OlM luminol; 0.5 ml 
of O.OlM H,OJ. The light emission occurs in a few seconds 
and is stable for 30-40 sec. The peak light emission was 
measured with an LKB luminometer, model 1250, and the 
output signal recorded on an LKB potentiometer recorder, 
model 2210. 

RIA 

The radioimmunoassay procedures employed for obtain- 
ing comparison results have already been published else- 
where. The main characteristics in terms of sensitivity and 
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precision are reported in Table 1. The same antibodies were 
used both for RIA and immunoenzymatic assay. 

RESULTS 

Antibodies 

The specificities of the antibodies used are reported 
in Table 2. As far as the CLCA assay is concerned, 
the antibody is specific both for glycolithocholic and 
taurolithocholic acid. The cross-reactivity of the un- 
conjugated bile acid is 5x, but other bile acids do not 
cross-react. The antibody titre is extremely high for 
all the assays: the final dilution of the antibody at 
50% binding is about 1: 10’ and the affinity constant 
is around 10” I./mole. The stability of the immo- 
bilized antibody was checked by weekly assays of the 
same standard at both 4” and 25”. Figure 1 shows the 
results for two representative steroids, cortisol and 
oestriol. The reproducibility of the immobilization 
procedure was assessed by adding ‘H-labelled steroid 
(10 pg/tube, lo4 dpm) to the beads and measuring the 
bound radioactivity after 3-hr incubation. The same 
procedure was repeated several times. For all immo- 
bilized antibodies the coefficient of variation was less 
than 5%, showing that the same amount of antibody 
was bound to each polystyrene bead. 

Enzyme label 

Approximately 1 mole of HRP is bound to 2-3 
moles of steroid, as calculated by measuring the 
radioactivity of the 3H-labelled CMO-steroid added 
to the reaction mixture. At the final dilution of this 
label in the assay tube, not more than 20 pg of steroid 
is present and the maximum absorbance recorded at 
412 nm is between 1.0 and 2.0. When luminescence 
detection is used it is possible to reduce the dilution 
to 5 pg/tube. 

These “labels” are highly stable when stored in 
concentrated form (1 mg/ml), at 4” and in presence of 
O.lM gelatine. Once diluted for the assay (1 pgg/ml) 
they are drastically reduced in stability, as shown in 
Fig. 2. 

Immunoassay 

A linear response was obtained over a wide concen- 
tration range when the fraction of antigen bound was 
plotted against the concentration in a logit-log plot. 
Representative calibration graphs obtained by col- 
orimetric detection are shown in Fig. 3. 

The detection limit, defined as the concentration 
resulting in a response equal to twice the standard 
deviation of the zero dose response, is reported in 
Table 1 for both detection systems used. In all assays 
the luminescence EIA was more sensitive than RIA 
and the calorimetric EIA. 

The intra- and inter-assay reproducibility, ex- 
pressed as the coefficient of variation, was obtained 
from 20 replicate determinations at low and high 
concentrations. In addition, various amounts of stan- 
dard steroids were added to plasma and the mixtures 
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Table 2. Specificity of the antisera used both in the RIA and enzyme immunoassays 

Cross-reactivity, % 

Cortisol Oestriol Testosterone Progesterone 

Cortisol 100 - 

Corticosterone 9 
Cortisone 4.8 
1 la-Deoxycortisol 5.2 - 

Deoxycorticosterone 0.6 
20a-Dihydroprogesterone 0.3 - 

Aldosterone 0.1 
Oestriol 100 
17/I-Oestradiol 0.2 
Oestrone 0.02 
Testosterone 100 
SLY-Dihydroxytestosterone 36.6 
Sa-Androstan-3a,l78-diol 7.4 
Sa-Androstan-3P,l7p-diol 6.3 
Androstendione 1.4 
S-Androstene-38,17/?-diol 1.5 
Progesterone 100 
1 la-Hydroxyprogesterone 85 
l l-/3-Hydroxyprogesterone 17 
6a-Hydroxyprogesterone <I 
6B-Hydroxyprogesterone <l 
14a-Hvdroxvoroeesterone - <I 

assayed by the three methods. The recovery is ex- 
pressed as the mean range of five determinations. 

Comparison of methods 

Figure 4 shows the results obtained by using the 
calorimetric or luminescence EIA, compared with 
those obtained by RIA for 25 extracted plasma 
testosterone samples with normal or pathological 
levels of this steroid. The other steroid assays behave 
in a similar fashion. The agreement was good at both 
low and high levels, as shown by the correlation 
coefficient (r > 0.88). 

When the plasma and salivary levels measured by 
EIA or LIA methods were compared, a good cor- 
relation was found, suggesting that variations in the 
saliva levels reflect those in the plasma (Fig. 5). The 
salivary levels are lower than those in plasma by a 
factor of l&20. 

Stored at 4-C 

OLI I I I I I 
0 2 4 6 6 10 

Time (months) 

Fig. 1. The stability of the immobilized antibodies when 
stored dry at 4”. Each point is the mean value from five 

experiments. 

l --Q”--==Tbzy+.__$ 

Undiluted 
solution 
(lmg/ml) 

‘n_ ‘. 
--O___ 
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0 2 4 6 6 10 

Time (months) 

Fig. 2. Fraction of enzymatic activity retained by the 
conjugate as a function of time when stored concentrated 

(1 mg/ml) or diluted (1 pg/ml) at 4” 
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Fig. 3. Dose vs. response plots for the steroids determined 
by enzyme immunoassay, with calorimetric detection of the 
enzyme activity. B, Antibody-bound enzyme-labelled ste- 
roid; B,,, antibody-bound enzyme-steroid at zero dose of 

unlabelled steroid. 
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Fig. 4. Relationship between testosterone plasma levels 
as measured by calorimetric EIA and luminescence LIA, 

enzyme immunoassay, and radioimmunoassay (RIA). 

DISCUSSION 

The solid-phase immunoenzymatic assay described 
here appears to be a useful alternative to RIA for 
measuring steroids in plasma and saliva. Its sensi- 
tivity is comparable to that of RIA and in some cases 
higher. For example, the RIA developed for CLCA 
has a sensitivity lower by a factor of 1000, probably 
because of the low specific activity of the 3H-tracer 
used (17 Ci/mmole). The uncontrolled adsorption of 
the antibody on the solid beads when a non-covalent 
binding is chosen is improved by careful selection of 
the coating conditions, such as ionic strength, pH, 
antibody purity and precoating treatment of the 
plastic beads, The high specificity and affinity of the 
antibodies used seems a key parameter. Once treated 
with BSA so that all the remaining possible specific 
adsorptive sites on the bead surface are occupied, the 
beads are very stable, either wet or dry if stored at 4”. 
The non-specific binding is very low (less than 1%) 
and increases to only a limited extent during 2-3 
months of storage. 

The HRP-steroid conjugates have high specific 
activity, allowing them to be used at high dilution in 
the assay tube, with consequent increased sensitivity 
of the assay. The conjugates can be used at a final 
dilution at least l&100 times greater than that for 
other conjugates.‘4 

When luminescence detection is used, an even 
greater dilution of the conjugate is possible, and 
as little as 2pg of steroid (or even less) can be 
assayed. The method is precise and accurate 
(Table 1) and the use of polystyrene beads seems ideal 
when calorimetric, and particularly luminescence, 
detection is used. The main advantages are as 
follows. 

(1) The beads are easily washed, with consequent 
removal of all possible non-specific interferences in 
the calorimetric and luminescence reactions. 

175 - 

0 I I I I 1 1 I 
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EIA (ng/mll serum 
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x . . .y’ 
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. . 
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\ 
_F 75- * l . 
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. 
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LIP. Ing/mll serum 

@) 

Fig. 5. Relationship between plasma and saliva levels of 
cortisol as measured by calorimetric (a) and luminescence 

(b) enzyme immunoassay. 

(2) The washing difficulties and bacterial growth 
experienced in methods using Sepharose beadsI are 
resolved. 

(3) With 0PD/H,02 as the detection-system 
substrate, the sensitivity is adequate to measure 
disease-related variations in both plasma and saliva. 
The luminescence detection is faster and much 
more sensitive but requires the use of a luminometer, 
which is not widely available in clinical chemistry 
laboratories. 

Both assays are easy to perform and require only 
inexpensive equipment. The reagents used, such as 
the enzyme-steroid conjugate and the immobilized 
antibody are very stable, thus simplifying storage and 
shipment of kits. The preliminary results reported 
here on the correlation between salivary and plasma 
levels of oestriol are in agreement with those pre- 
viously published. The combination of this enzyme 
immunoassay with saliva sampling will make steroid 
tests more practicable. 
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Summary----The application of luminescence to the development of non-isotopic immunoassay methods 
for steroids and urinary steroid metabolites is reviewed. On-line computer analysis of the light emission 
is particularly useful, as it reveals the interfering effects of biological compounds on the reaction and this 
can improve the quality of luminescence immunoassay (LIA) methods. The main characteristics of 
chemiluminescent tracers are stability, safety, speed and sensitivity of detection, and reliability. Homo- 
geneous methods, not requiring phase separation, have also been reported and validated. Heterogeneous 
methods which use dextran-coated charcoal or solid-phase techniques can be used for direct determination 
of urinary steroids in unextracted samples. 

Many compounds of clinical interest are currently 
determined at low levels by protein-binding assays 
with radioactive labels. Although radioimmunoassay 
(RIA) methods are sensitive and reasonably specific, 
they possess certain disadvantages inherent in the use 
of radioactive material, such as problems of stability 
of the tracer, radioactive waste disposal, and the 
availability of expensive instrumentation and re- 
agents. 

Other analytical procedures have been developed 
which take full advantage of the specificity and 
sensitivity that result from the use of an antibody, but 
do not employ an isotopically labelled antigen. These 
include the use of an enzyme and a fluorescent or 
chemiluminescent molecule as a label. 

In this paper we survey the use of such labels in 
immunoassay methods for steroid hormones. 

THE ANALYTICAL SIGNAL OF A 
CHEMILIJMINESCENCE REACI’ION 

Luminescence may be defined as the chemical 
production of light and involves the emission of 
photons from excited molecules during their return to 
a lower energy state. Luminescence can be applied in 
a wide variety of assays of biological interest and 
more information on the characteristics of bio- 
luminescence (BL) and chemiluminescence (CL) reac- 
tions, instrumentation, and applications in clinical 
chemistry can be found in several recent reviews’,* 
and books.3v4 Here we describe how some compounds 
giving chemiluminescence reactions can be used as 
labels for the development of luminescence immu- 
noassay (LIA) methods for steroids. 

The main difference between LIA and radio- 
immunoassay (RIA) procedures lies in the measure- 

Correspondence to Prof. Mario Pazzagli. 

ment of the tracer; in the case of LIA, the tracer 
measurement has the following characteristics: 

(i) the chemiluminescence of the tracer must be 
activated before it can be measured, and this requires 
an additional step, viz. an oxidation reaction,’ which 
can be. a source of variability; radioisotopes emit 
spontaneously beta or gamma radiation; 

(ii) the signal of a CL reaction is not easily 
definable in absolute terms of light emission6 and the 
luminometer (the instrument used for luminescence 
measurements) records values in arbitrary light units; 
microprocessor-controlled beta- and gamma- 
counters can automatically evaluate efficiency and 
convert cpm into dpm values; 

(iii) the CL signal is time-dependent whereas radio- 
isotope tracers give an effectively constant signal 
which is more easily quantifiable (Fig. 1). 

Consequently the measurement of the chemi- 
luminescent tracer in LIA methods is a more critical 
step than the measurement of radioactivity in RIA. 
Further, beta- or gamma-counters are usually quite 
sophisticated instruments in comparison to the com- 
mercially available luminometers, which are com- 

r DETECTABLE SIGNAL OF: 

RADIOLAGELLED TRACER 

z- __ I- 
0 10 

min 

CHEMILUMINESCENT TRACER 

Fig. 1. Comparison between the analytical signal of a 
radiolabelled or a chemiluminescent tracer. 
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I i I\ 

m PI (O-10) 
-PI (2-12) 

Fig. 2. Time-course of the light signal obtained on oxidation 
of a CL tracer with the H,O,-microperoxidase system at 
pH 13, and some of the most used measurement parameters. 
TLP (total light production). The integrated value of the 
photon emission reaching the detector during the total time 
of emission. PLI (peak light intensity). A fast measurement 
parameter often related fo PI. PI (portion integration for 
O-10 or 2-12 set or other intervals). An integration value for 
a fixed time interval. T,... Time interval from the oxidant .._.. 
injection to PLI. This is a “shape” index which can often 
reveal changes in the CL kinetics due to interfering com- 

pounds (see reference 8). 

monly equipped with inadequate injection devices 
and crude light measurement systems. 

To minimize errors due to the chemiluminescent 
tracer measurement, the following factors should be 
optimized. 

Choice of the measurement parameter. The CL 
reaction, because of its time-dependence, can be 
quantified in various ways (see Fig. 2) which possess 
different characteristics in terms of time, re- 
producibility, linearity, signal to-noise ratio etc.’ The 
most suitable method for the measurement depends 
of the kind of CL compound used and on the reaction 
conditions. 

Evaluation of the CL kinetics. The reaction condi- 
tions (viz. pH, buffers, the relative concentrations of 
the oxidant and catalyst, and in particular the pres- 
ence of materials of biological origin such as plasma 
or urine) can modify the kinetics and consequently 
the measured light output.’ Consequently it is necess- 
ary to have a criterion for evaluating the shape or 
pattern of the signal. In fact, quenching corrections, 
analogous to dead-time corrections in radioisotope 
counting, can be developed by using a detailed anal- 
ysis of the time course of the CL signal. 

In an attempt to improve the present methods of 

Table 1. Typical cortisol LIA data; table of significant parameters, one row for each CL 
reaction, computed by using the program GRAFST2 (sample rate IO/set; acquisition time 

10 set; 50 tubes) 

Tube 

background 

aspecific 

total 

zero 

7.8 pg/tube 

15.6 pg/tube 

3 1.2 pg/tube 

62.5 pg/tube 

125 pg/tube 

250 pg/tube 

500 pg/tube 

1000 pg/tube 

2000 pg/tube 

sample 1 

sample 2 

sample 3 

No. 
PI, 

O-10 set 

1 30 0.70 204 168 0.62 
2 40 0.80 214 177 0.62 
3 820 0.60 2983 1887 0.58 
4 830 0.70 2959 1893 0.56 
5 21,070 0.60 76,287 47,432 0.61 
6 20,350 0.60 77,717 49,643 0.57 
7 9290 0.60 31,697 19,614 0.62 
8 9040 0.60 30,759 19,436 0.61 
9 8430 0.60 29,903 18,415 0.60 

10 8641 0.60 30,310 18,917 0.61 
11 8540 0.60 27,850 16,820 0.62 
12 8521 0.60 28.710 17,341 0.63 
13 7720 0.60 26,899 16,457 0.62 
14 7830 0.60 26,304 16,329 0.63 
15 6130 0.60 22,428 13,853 0.63 
16 6540 0.60 23,179 14,472 0.60 
17 5120 0.60 18,950 11,799 0.60 
18 5420 0.60 19,211 11,850 0.60 
19 4300 0.60 14,890 9299 0.61 
20 3950 0.60 14,674 9182 0.61 
21 2740 0.60 10,522 6598 0.61 
22 2930 0.60 11,018 6923 0.60 
23 2610 0.60 9169 5749 0.60 
24 2300 0.60 8583 5373 0.60 
25 2010 0.60 7412 4788 0.60 
26 2050 0.60 7288 4603 0.60 
27 4170 0.60 15,573 9833 0.59 
28 4320 0.60 15,956 9958 0.60 
29 2810 0.60 10,501 6549 0.59 
30 2850 0.60 10,074 6323 0.60 
31 4389 0.66 13,660 8860 0.49 
32 4255 0.65 13,567 8756 0.50 

PI, 
2-10 set 

S/IO 
ratio BIB,,*% 

100 

96.0 

89.6 

83.6 

70.2 

57.0 

41.8 

27.6 

20.9 

15.4 

45.2 

25.9 

rejected 

* = value calculated as mean of duplicates and using the PI O-10 set values. 



LIA methods for steroid hormones 

measurement of CL reactions with commercial lumi- 
nometers, we have interfaced a microcomputer to 
operate on-line with a luminometer (Packard PICO- 
LITE model 6200). The signal from the photo- 
multiplier of the luminometer is processed by the 
interface to become acceptable for the parallel port of 
the computer, and is then analysed in terms of light 
emission and shape of the signal. Details of this 
approach have been reported.’ 

titular some aminophthalylhydrazides (luminol, 
isoluminol and isoluminol derivatives) participate 
in simple oxidation reactions (e.g. the hydrogen 
peroxide-microperoxidase reaction at pH 8.6-13) to 
produce light with relatively high quantum 
efficiency” and thus can be used as universal labels 
for both antigens” and haptens.r2 

The use of on-line computer analysis of CL reac- 
tions facilitates selection of the most suitable method 
of measurement and can characterize the reaction 
kinetics. Table 1 gives an example of the computer 
output of the most significant signal parameters of an 
LIA method for cortisol. 

Some isoluminol derivatives have been conjugated 
to steroid molecules and the resulting steroid-CL 
tracer conjugates have been investigated in terms of 
both their affinity for the homologous antibody and 
their CL characteristics. The results of this studyI 
can be summarized as follows. 

We believe that on-line use of the computer with 
the luminometer allows us both to monitor the 
CL reaction and identify and eliminate some sources 
of error, and thus improve the quality and consis- 
tency of LIA methods. In addition, we use the 
computer for routine analysis of RIA and LIA 
dose-response curves, using a weighted four- 
parameter logistic method.’ 

(1) The preparation of the steroid-CL tracer conju- 
gate is a simple conjugation reaction, such as a 
carbodi-imide reaction, similar to those used in the 
synthesis of steroid-protein immunogens. Purification 
can be done on silica gel TLC plates and the identity 
of the final compound confirmed by mass spec- 
trometry. An example of the structure of a 
steroid-CL tracer conjugate is shown in Fig. 3. 

CHEMILUMINESCENT TRACERS 
FOR STEROIDS 

Several compounds which produce chemilumi- 
nescence can be used as labelling reagents. In par- 

(2) The CL efficiency of the conjugates is mainly 
determined by the isoluminol derivative used and is 
not significantly affected by the steroid molecule. 
Some isoluminol derivatives (AEEI or ABEI) are 
more efficient than others, and always produce 
CL tracers detectable at picomolar level (range 
0.1-0.4 fmoleitube). 

903 

O+ ,KH21z-C -N -R,-N Y 
NH 

B 
Conjugate R, R, 

M.W. FD mass spectra 
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m/z 

Fig. 3. Example of the structure of a steroid CL tracer (A) and of the mass spectrum data obtained by 
the field desorption (FD; B) or the fast-atom bombardment (FAB; C) ionization techniques. 
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0 10 100 1000 

Progesterone (pgltube) 

Fig. 4. Homogeneous LIA for progesterone: standard curve. 
The continuous vertical bar represents the 2-12 set PI value 
of the CL tracer in absence of antibody, and the dotted line 
at the zero point the PI value in presence of the homologous 
antibody. The enhancement phenomenon is evident. The 
effect of adding increasing amounts of cold progesterone to 
the reaction mixture, on the enhancement, is also shown. 

(3) The affinity of the steroid-CL tracer conjugate 
for the homologous antibody can be affected by the 
ability of the antibody to recognize both the steroid 
and the bridge between the steroid and the CL 
molecule (e.g.) the carboxymethyloxime or the hemi- 
succinate bridge). Consequently the affinity can be 
higher or lower than that of the native steroid, or 
similar to it, and this can affect the sensitivity and 
specificity of the assay.‘3s’4 However, most of the 
steroid-CL tracer conjugates possess suitable affinity 
for use in LIA methods. 

THE LUMINESCENT IMMUNOASSAY 
METHOD 

Within the last few years, LIA methods have been 
reported for several compounds of biological and 
clinical interest.4 In this paper we will discuss several 
types of steroid immunoassay based on monitoring 
chemiluminescence; these include homogeneous 
methods, which do not require a phase separation, 
and heterogeneous methods using dextran-coated 
charcoal or solid-phase separation systems. 

Homogeneous LIA 

The steroid-CL tracer conjugate emits light on 
oxidation by the hydrogen peroxide-microperoxidase 
system at pH 8.6-13.0. Use of pH 8.6 is compatible 
with monitoring of competitive protein-binding reac- 
tions in homogeneous medium when the presence of 
the specific antibody affects the light-yield from the 
conjugate. 

A homogeneous LIA for progesterone has been 
developed. I5 In this assay, the homologous antibody 
raised in rabbits by use of an anti-progesterone-l la- 
hemisuccinate-BSA as the immunogen, causes an 
increase of the light-yield of the progesterone-l la- 
hemisuccinate-ABE1 during oxidation. The addition 
of unaltered homologous steroid (progesterone) to 

the reaction mixture competitively inhibits the light 
production and this is the basis for the assessment 
of the standard curve in the homogeneous phase 
(Fig. 4). 

This approach has been used for developing ho- 
mogeneous LIA methods for progesterone,” corti- 
s01,‘~,‘~ and oestriol-16a-glucuronide’6~‘7 which have 
sensitivity and specificity similar to those of con- 
ventional RIA methods. However, an extraction of 
the biological sample (plasma or urine) was intro- 
duced into the procedure in order to remove non- 
specific compounds interfering in the CL reaction. 

Recently we have developed a homogeneous LIA 
for total urinary oestrogens in diluted hydrolysed 
urine samples;‘8 this direct assay was possible because 
only 0.5 ~1 of samples was used for the assay, a 
quantity small enough not to interfere in the CL 
reaction. 

Homogeneous LIA methods are attractive because 
they can allow full automation of the assay; however, 
they do have some disadvantages, mainly due to 
incomplete knowledge of the mechanism of the 
antibody-enhanced chemiluminescence. Several fac- 
tors are involved in the enhancement phenomenon, 
including the chemical structure of the tracer and the 
immunological characteristics of the antibody.15 Con- 
sequently, it appears that different procedures have to 
be chosen according to the antibody or labelled 
ligand used, and this is not practical for routine work, 
but the situation should improve as well standardized 
reagents become available (especially monoclonal 
antibodies). 

Heterogeneous LIA 

In contrast to homogeneous LIA, heterogeneous 
LIA does not utilize the light-enhancement properties 
of the specific antibody, but introduces a phase- 
separation step into the procedure. 

An example of the dose-response curves for corti- 
sol obtained by LIA and RIA procedures is shown in 
Fig. 5, and a comparison between the working ranges 
and detection limits is given in Fig. 6. 

Some heterogeneous LIA methods have been de- 
scribed for cortisol,” progesterone2’ and testosterone9 

Cortisol (pg /tube) 

Fig. 5. Representative standard curves for cortisol, obtained 
by an LIA and an RIA procedure. 
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Fig. 6. Precision profiles of LIA and RIA for cortisol. Relationship between dose and precision (CV for 
duplicate determinations) as calculated from five LIA and RIA standard curves by a weighted 

four-parameter logistic analysis (program RIAO04; see reference 9). 

which use dextran-coated charcoal for separation of 
bound and free forms of the ligand, and can be 
readily introduced into clinicial laboratories. How- 
ever, this kind of phase separation step cannot always 
remove interfering compounds from biological sam- 
ples and consequently most of these assays, like the 
homogeneous LIA methods, require a preliminary 
extraction step. 

In attempts to develop simple and reliable LIA 
methods for plasma steroids and urinary steroid 
metabolites, we have explored the possibility of using 
solid-phase techniques. The solid-phase separation 
systems can obviate the need for prior purification of 
the sample since non-specific compounds, which may 
interfere in the CL reaction, are removed by washing 
after the binding reaction. 

A number of solid supports (polystyrene tubes, 
etched polystyrene beads and antibodies covalently 
linked to polyacrylamide beads) have been used, and 
solid-phase LIA methods have been developed for 
progesterone2’ and oestradio122 in plasma and for 
oestriol-16a-glucuronide,23 testosterone-17-glucuron- 
ide,” oestrone-3-glucuronide*’ and pregnanediol-3- 
glucuronide26 in urine. 

These solid-phase LIA methods for urinary steroid 
glucuronides appear promising and the use of specific 
antibodies raised against urinary steroid metabolites 
(glucuronides) together with solid-phase techniques 
can avoid both the hydrolysis and the purification of 
urine samples, which are time-consuming and im- 
practical methodological steps. The determination of 
urinary steroid metabolites can be an important tool 
in the investigation of several physiopathological 
conditions. For example, determination of oestriol- 
16cr-glucuronide can be used in monitoring of foetal 

well-being,23.27 and testosterone- 17-glucuronide is a 
useful index of the total androgenic secretion in 
man and woman in both normal conditions and 
under specific suppressive therapies.24 Oestrone-3- 
glucuronide and pregnanediol-3-glucuronide can be 
used in monitoring the menstrual cycle28.29 and in this 
case only daily samples of early-morning urine are 
required, instead of 24-hr pooled collection. An 
example of monitoring of a normal menstrual cycle 
by LIA of urinary steroid metabolites is shown in 
Fig. 7. 

DISCUSSION 

In this paper we have reviewed the application of 
luminescence in the development of non-isotopic 
immunoassays for steroids. The analytical signal 
from the chemiluminescent tracer can be perturbed 
by interfering compounds of biological origin, 
present in the assay tube, and this reduces the re- 
liability of the LIA methods. On-line computer anal- 
ysis of the CL reactions seems particularly useful for 
identifying and eliminating these sources of error. 

The main characteristics of the steroid-CL tracer 
conjugates are stability, safety, speed and sensitivity 
of detection. LIA methods based on use of such 
reagents possess sensitivity, specificity, accuracy and 
precision comparable to those commonly obtained 
with the equivalent RIA methods. Moreover, LIA 
methods which use solid-phase techniques allow the 
direct determination of steroids in unextracted 
samples, making the procedures simple and easy to 
introduce into clinical laboratories without problems 
of licensing and safety. 
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Fig. 7. Daily excretion of pregnanediol-3-glucuronide and oestrone-3-glucuronide through a normal 
menstrual cycle, as measured in early morning urine samples by solid-phase LIA methods. Urinary LH 

was measured by RIA. 
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In conclusion, the application of luminescence to 
non-isotopic immunoassays is a very promising tech- 

nique, and would be more widely used if the commer- 
12. 

cial availability of well standardized reagents and of 
automated instrumentation for CL reactions im- 13. 
proved. 
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Summary-Immunoassays based on europium labels and time-resolved fluorescence as the detection 
method, have been developed. The specific activity of the label is several orders of magnitude higher than 
that of radioactive labels. Consequently, the technique provides great potential, especially in the 
determination of analytes which require high sensitivity. Both competitive and immunometric assays 
which use labelled antibodies have been worked out. In competitive assays the antigen is immobilized on 
a solid phase with a protein carrier. The antigen in the standard or sample then competes with the labelled 
antibody in solution. Separation is done simply by washing the wells in the microtitre strip where the 
assays are performed. Model systems are described for the measurement of testosterone and cortisol. 
Immunometric assays of human thyrotropin (hTSH) and luteotropin (LH) were performed with 
monoclonal antibodies, by either a one-step (hTSH) or two-step (LH) incubation procedure. These assays, 
which exploit the specific activity of the label, give a very high sensitivity and good reproducibility. The 
standard curves are linear and the dynamic range is at least lOOO-fold. Because of the properties of the 
europium label and the simple assay design, the immunoassays based on time-resolved fluorescence are 
expected to gain wide application both in research and in routine determinations. 

Since the development of RIA and related saturation 
assay techniques by Berson and Yalow’ and Ekins2 in 
the late 195Os, the assays have been extensively 
applied to numerous analytes in routine work as well 
as in research. The basic procedure in RIA has been 
refined, but at least in clinical chemistry it is still the 
most widely used immunoassay technique. The wide 
use of radioactive labels in immunoassays has, how- 
ever, increased awareness of the problems involved, 
e.g., health hazards associated with the use and 
disposal of radioactive material, and the limited 
shelf-life of the labelled reagents due to the short 
half-life of the radioactive label and to radiolysis. A 
number of alternative non-isotopic techniques have 
been tested with the purpose of avoiding the disad- 
vantages of radioimmunoassays without any decrease 
in the potential of the immunoassay technique as 
such. At present the most promising alternatives to 
RIA are enzyme immunoassay, chemiluminescence 
immunoassay and fluoroimmunoassay. 

The sensitivity of most fluoroimmunoassay meth- 
ods reported to date is, however, far lower than that 
of radioimmunoassay.’ The limited sensitivity is 
caused by the high background signal which is always 
obtained in conventional fluorometric deter- 
minations, and which seriously limits the possibilities 
for exploiting the inherent sensitivity of the mea- 
surement principle. A tremendous increase in sensi- 
tivity is achievable by utilizing the difference in the 
fluorescence lifetime of the signal originating from 
different fluorescent compounds.4,5 All conventional 
fluorescence, including that causing the high back- 
ground which limits the sensitivity, has a half-life of 

decay in the range 1O-*-1O-g sec. Consequently, if a 
europium chelate with a fluorescence decay time of 
10-3-10-6 set is chosen as label and its specific 
fluorescence is measured after the background signal 
has decayed, an excellent sensitivity can be achieved. 
When time-resolved fluorescence is used, europium 
concentrations as low as 5 x 10-14M can be mea- 
sured.‘,6 

The present communication describes immuno- 
assay methods based on the use of europium as 
label and time-resolved fluorescence as the technique 
for determining it. The new immunoassay technique 
has been applied both in competitive and reagent- 
excess measurements on systems involving labelled 
antibodies. Model assays using solid-phase antigens 
or antibodies have been worked out for steroids and 
peptides. The advantage of the high specific activity 
of the label is obvious in the reagent-excess system, 
as an increased sensitivity can be achieved. 

EXPERIMENTAL 

Maierials 

Eu,O, was obtained from Fluka. EuCl, was prepared by 
dissolving the oxide in hydrochloric acid and evaporating 
the excess of acid. Isothiocyanatophenyl-EDTA-Eu and 
other corresponding polycarboxylic acid derivatives were 
synthesized from the amino-derivatives of the europium 
chelate by condensation with thiophosgene in a 
water-chloroform mixture. After this the chloroform was 
removed and the isothiocyanate derivative was recovered 
from the aqueous phase mixture. The aminophenyl deriva- 
tive of EDTA was synthesized by a modification of the 
Sundberg method.’ The enhancement solution used for 
europium determination by time-resolved fluorescence6 and 
the assay buffer consisting of 0.05M Tri-HCl, pH 7.7, 
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containing 0.9% sodium chloride, 0.05% sodium azide, 
0.5% bovine serum albumin, 0.05% bovine globulin, 0.01% 
Tween 40 and 20 PM diethylenethaminepenta-acetic acid; 
were abtained from LKB-Wallac. Turku, Finland. The mono- 
clonal antibodies used in the peptide assays were obtained 
from Medix Laboratories Ltd., Kauniainen, Finland, and 
the polyclonal antibodies used in steroid assays came from 
Farmos Diagnostica, Turku, Finland. 

The europium fluorescence was measured with a 1230 
Arcus time-resolved fluoromete# (LKB-Wallac, Turku, 
Finland). In all assays polystyrene microtitre strips (Lab- 
systems Oy, Helsinki, Finland) were used. 

Labelling of antibodies 

Depending on the conjugation conditions and the anti- 
body preparations, a 5&300-fold molar excess of europium 
isothiocyanatophenylcomplexonate was used in conju- 
gations performed in phosphate buffer at pH 9.0-9.3 and 4”, 
overnight. The europium-labelled antibody was separated 
from excess of label by gel-filtration on a Sepharose-6B 
column (1.5 x 70 cm) and eluted with 0.05M Tris-HC1 
buffer, pH 7.4, containing 0.9% sodium chloride and 0.05% 
sodium azide. The number of europium ions incorporated 
per immunoglobulin molecule was determined by measuring 
the fluorescence in comparison to that of known EuCl, 
standards.6 On the average, 5-15 europium ions were 
incorporated per protein molecule. Bovine serum albumin (I 
mg/ml) was added as carrier to the labelled antibody 
solutions. 

Coating of microlifre strips 

In immunometric assays the wells of polystyrene micro- 
titre strips were coated with the antibodies, whereas in 
competitive assays protein-bound haptens were used. 

Coating with antibody was performed by physical ad- 
sorption. Individual wells were treated with 0.2 ml of 
antibody preparation (5 ngg/ml) in O.lM phosphate buffer, 
pH 4.9, for 20 hr at room temperature, washed three times 
with saline, then saturated by treatment for 2 hr with 0.3 ml 
of 0.05M Tris-HC1 buffer, pH 7.4, containing 0.9% sodium 
chloride, 0.05°/0 sodium azide, 0.5% bovine serum albumin. 
The coated and saturated strips were washed twice with 
saline and stored humid at 4” until used. 

Coating with protein-bound haptens was performed with 
cortisol- or testosterone-3-CMO-ovalbumin conjugates 
(CM0 = carboxymethyloxime) prepared as described by 
Hosoda et al.* Individual wells were coated by treatment 
with 0.25 ml of protein-bound hapten preparation (0.05 
fig/ml) in 0. IM sodium carbonate buffer, pH 9.3, overnight 
at-room temperature. After coating, the wells were washed 
three times with 0.15M saline solution containing 0.05X 
sodium azide, after which they were ready for use. 

Measurement of europium Juorescence 

When the immunoreaction is complete, the label is dis- 
sociated from the antibody bound to the solid by adding an 
enhancement solution (200 ~1) consisting of 0.1 M acetate 
buffer adjusted to pH 3.2 with potassium hydrogen 
phthalate, and containing 15pM 2-naphthoyltrifluoro- 
acetone, 50pM tri-n-octylphosphine oxide and 0.1 y0 Triton 
X-100.6 

RESULTS 

Immunometric assay of peptide hormones 

Monoclonal antibodies for different gonadotropic 
hormones have recently become available, and have 
been applied in combination with europium labels 
and time-resolved fluorometric detection. These anti- 
bodies suit immunometric assays well, as the two-site 
concept can be utilized in tests which require either 

one or two incubation steps.’ In addition, it is 
possible to use the reagent-excess technique,‘O as the 
supply of antibody is unlimited. 

In the assay of hTSH two b-chain specific mono- 
clonal antibodies are used. The hTSH sample or 
standard is reacted with a p-chain specific mono- 
clonal antibody immobilized on the surface of 
microtitre-strip wells. The europium-labelled second 
monoclonal antibody, specific against a different site 
on the p-subunit, is added simultaneously with the 
analyte. Thus the whole assay requires only one 
incubation step. After thorough washing of the strip, 
the added enhancement solution dissociates into solu- 
tion the europium ions from the labelled second 
antibody bound to the solid phase. In solution the 
europium ion forms a new and highly fluorescent 
chelate, and the fluorescence is directly measured in 
the microtitre strip well. The assay procedure is 
outlined in Fig. 1A and a typical standard curve is 
shown in Fig. 2. The dose-response curve is linear 
after the background of the zero standard has been 
subtracted, and the fluorescence intensity is directly 
proportional to the antigen concentration over the 
whole standard range, which extends from 0.25 to 
324 pU/ml. 

A precision profile calculated from 12 replicates of 
each hTSH concentration is also shown in Fig. 2. The 
whole working range of the assay is covered by a 
coefficient of variation (CV) that is 5% or smaller. 
The minimum detection limit, defined as the hTSH 
concentration corresponding to the mean 
fluorescence signal of 12 replicates of the zero stan- 
dard plus 3 times the standard deviation, is 0.03 
pU/ml-far below the lowest standard concentration 
used in the assay. 

Cross-reactions obtained for the two monoclonal 
antibodies separately (RIA) and in combination 
(time-resolved fluoroimmunometric assay), are given 
in Table 1. 

Figure 3 shows the correlation between the time- 
resolved immunofluorometric assay and a con- 
ventional competitive RIA for samples with hTSH 
levels either above (A) or below (B) 4 flu/ml. At 
concentrations above 4 p U/ml correlation between 
the two procedures is excellent whereas samples with 
hTSH levels below 4 pU/ml give poor correlation. 
Furthermore, in a number of samples the hTSH levels 
were not detectable by the RIA procedure. Only 3 
samples among the 27 with hTSH levels below 
1 pU/ml gave a negative result in the immunometric 
procedure. 

The LH assay is performed with /?-chain and 
a-chain specific monoclonal antibodies, respectively. 
The assay is performed in either one or two steps. The 
two-step assay procedure is outlined in Fig. 1B and 
a typical standard curve is shown in Fig. 4. 

The fluorescence intensity is directly proportional 
to the LH concentration within a range from 1 to 125 
IU/l. and the standard curve is linear after sub- 
traction of the zero standard. The CV over the whole 
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A.ASSAY PROTOCOL FOR MEASURING hTSH B.ASSAY PROTOCOL FOR MEASURING LH 

--, 1 k _; $:;d 12-well microtitre Coated 12-well microtitre 
7 [ E 1 strip 

Wash once 

l.Sa Assay buffer containing tracer 2.Assay buffer 

YAddition of 50 ul sample 
_J (unknown of standard) --_' 

Addition of 100 ul sample 
(unknown of standard) 

1 

followed by 200 ul assay 

I 

followed by 150 ul assay buffer 

buffer containing 50 ng tracer 

Incubate for 4 hr at room temperature 
with gentle shaking 

I 
Aspirate and wash 6 times 

Incubate for 2 hr at room temperature 

i 

Aspirate and wash 3 times 

Tracer 

YAdd 200 ul enhancement 
L-1 solution/well 

a _, anti-LH-cr in 200 ul assay 
:Add 100 ng Eu-labelled 

buffer 

I 

Incubate for 1 hr at room temperature 

Aspirate and wash 6 times 

Shake the strip gently by hand. 
After 5 min, measure the fluorescence 
for one second in a TR-fluorometer. 

Enhancement solution 

FAdd 200 ul enhancement 
I solution/well 

Shake the strip gently by hand. 
After 5 min, measure the fluorescence 
for one second in a TR-fluorometer. 

Fig. 1. Immunometric assay procedures for hTSH (A) and LH (B), using antibody-coated microtitre-strip 
wells, europium-labelled antibodies and time-resolved fluorescence. 

0.25 1.5 9 54 324 

TSH (~IU/mlI TSH+IU/mlI 

Fig. 2. Standard curve (A) and precision profile (B) for the one-step hTSH assay, performed according 
to Fig. IA. The reference values were measured by Imagura er 01.” by enzyme immunoassay with 

fluorescent detection. 



912 TIMO L~~VGREN et al. 

Table 1. The cross-reactivities of the two b-specific mono- 
clonal antibodies (I = solid-phase antibody, II = used for 
labelling) used in the hTSH assay, when measured sepa- 

rately (RIA) or in combination (TR-FIA) 

Cross-reactivity, % 

Hormone 

hTSH 
hLH 
hCG 
hTSH /I-subunit 
hFSH 

I + II 
(R:A) (RIIA) (TR-FIA) 

100 100 100 
<0.4 0.5 2.3 
<O.l <0.02 < 0.001 
195 <l.O 1.8 
- - 1.8 

assay range is below 8%. The detection limit (mean 
of the zero sample + 3 standard deviations) was 
found to be 0.04 III/l. when a loo-p1 sample volume 
was used. Table 2 shows the cross-reactivity of the 
two monoclonal antibodies employed, when mea- 
sured separately in a conventional RIA and in com- 
bination by the assay procedure described in Fig. 1B. 
Cross-reactivity with hCG is rather high, and the 
clinical situation has to be taken into account when 
the assay results are evaluated. In the process of 
ovulation the hCG level is virtually zero and a rapid 
increase in the LH level occurs. There is good cor- 
relation between the time-resolved fluorescence 
method and a conventional RIA for LH. 

Competitive steroid assays with labelled antibodies 

To avoid the need to label different antigens with 
a europium chelate and with the intention of making 
the separation step required in competitive assay 
procedures as simple as possible, the conventional 
assay design was abandoned and an antibody- 
labelled competitive technique was designed. In this 
technique a known amount of antigen is immobilized 
on the solid phase. The standard or sample is added 
immediately before the labelled antibody. The immo- 

- 15 

7 
0 

2 

- 10 

-5 

I I I I 1 

0.2 1 5 25 125 

LH (IU/l.) 

Fig. 4. Standard curve (0) and precision profile (m) for the 
two-step LH assay done according to Fig. 1B. The reading 
of the zero-standard (550 cps) has been subtracted from all 

standards. 

bilized and free antigen will then compete for the 
binding sites on the labelled antibody. After a 1-hr 
incubation at room temperature, the microtitre strip 
wells where the assay is performed are washed, and 
the amount of europium-labelled antibodies bound to 
the solid phase is determined by adding the enhance- 
ment solution and measuring the europium 
fluorescence by time-resolved fluorometry. The assay 
design is outlined in Fig. 5. A standard curve similar 
to that obtained in a conventional competitive RIA 
is constructed and the analyte concentration of the 
samples is read. Assays as described above have been 
worked out for both testosterone and cortisol. 

150 

2 
E 

2 

=t 100 
u 
IT 
I 

E 

50 

I I I 

50 100 150 

RIA (&J/ml) 

. 

. 
y = 0.4% + 1.47 

t- mO.46 

n-41 

I I 
1 2 3 

RIA (pU/ml) 

1 

Fig. 3. Correlation between RIA and time-resolved assays of hTSH in serum samples with an hTSH 
concentration above (A) or below (B) 4 yU/ml. 
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Table 2. The cross-reactivities of the B- and 
a-chain specific monoclonal antibodies used 
in the LH assay, when measured separately 

(RIA) or in combination (TR-FIA) 

Cross-reactivity, % 

Both 
Anti-/l Anti-a antibodies 

Hormone (RIA) (RIA) (TR-FIA) 

LH 100 100 100 
hCG 62 28 62 
hTSH 14 24 IO 

The effect of the amount of the solid-phase antigen 
and labelled antibody in the testosterone assay has 
been investigated in detail. Figure 6A illustrates a 
typical result when the amount of testosterone immo- 
bilized by physical adsorption as a testosterone-3- 
CMO-ovalbumin conjugate on the solid phase, is 
varied. A constant amount of labelled antibody was 
used, in the absence (B,) and presence (B) of free 
steroid in solution. In absence of free testosterone, 
the solid phase is saturated with the steroid conjugate 
at a concentration of about 2 pmole per well. The 
signal from the europium-labelled antibody bound to 
the solid-phase antigen reaches a constant level. In 
the presence of a free testosterone concentration 
corresponding to the level of the highest standard in 
an actual assay, the signal increases as the amount of 
immobilized antigen on the solid phase increases. If 
the fraction bound is plotted against the immobilized- 
antigen concentration, it becomes obvious that the 
best replacement is obtained at a relatively low 
amount of antigen on the solid phase (Fig. 6B) which 
favours competition between the amounts of bound 
and free antigen. At low solid-phase antigen concen- 
trations various amounts of labelled antibody can be 
used without any critical effect on the performance of 
the assay. A testosterone-3-CMO-ovalbumin con- 
centration of 0.05 pg/ml for coating the microtitre- 
strip well and 25 ng of europium-labelled antibody 
preparation per well were found optimal. 

A standard curve and a precision profile for the 
testosterone assay covering the range of clinical inter- 

Solid phase 

1000 

100 

60 
7 
b 
-o 60 

? 

Q 40 

t- 

A 

P 

I- 

lo- I 10" 

Testosterone (pmole) 
10’ 

Fig. 6. (A) The effect of different amounts of testosterone 
immobilized on the solid phase (as a testosterone- 
3-CMO-ovalbumin conjugate) on the fluorescence signal 
obtained with a constant amount (25 ng, 5 Eu/IgG) of 
labelled antibody. The assay was done in the absence (A) 
and presence (A, 300 nM, 50 ~1 sample volume) of free 
testosterone in solution. The total volume was 200 ~1 and 
the incubation time 90 min at room temperature. (B) The 
effect of the immobilized testosterone concentration on the 
fraction of labelled antibody bound to the solid-phase 

antigen in the presence of 300 nM free testosterone. 

est is shown in Fig. 7. The precision over the assay 
range lies between 18 and 6%. Correlation between 
the new time-resolved fluorescence assay and con- 
ventional RIA was found to be good when extracted 
serum samples were used (Fig. 8). 

= Ovolbumin 

D = Steroid 

-D = Steroid bound to 
ovalbumin 

= Anti-steroid 

antibody 

Fig. 5. The principle of the competitive time-resolved fluoroimmunoassay of steroids, based on a 
europium-labelled antibody assay and a constant amount of immobilized steroid on the wall of 
microtitre-strip wells. After the competitive immunoreaction has been completed, the label is released into 

solution by addition of the enhancement solution. 
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Fig. 7. Dose-response curve (m) and precision profile (0) 
for the time-resolved fluoroimmunoassay of testosterone. 
The assay conditions were as described in Fig. 6A and a 
solid-phase antigen concentration of 0.23 pmole of testos- 

terone per well was used. 

A similar assay procedure has also been developed 
for cortisol. However, it is a direct test and thus no 
pretreatment of the serum samples is required. The 
assay has been optimized in the same way as the 
testosterone assay. Figure 9 shows the effect of three 
different amounts of the cortisol-3-CMO-ovalbumin 
conjugate on the shape of the standard curve for 
cortisol within the clinically relevant range. The 
fraction bound (B/B,) at different standard concen- 
trations decreases as the amount of antigen bound to 
the solid phase is reduced, as will of course the actual 
amount of labelled antibody bound to the solid phase 
at each concentration. The fluorescence signal level in 
the assay is dependent on the number of europium 

g 10 e 
2 

. 

;: 
t 

P 5 t / 

y=-0.150 + 0.961 x 

r * 0.962 

n=ll 

V I I I I 
5 10 15 20 

Testosterone (nmole/l)(TR-FIA) 

Fig. 8. Correlation between RIA and time-resolved 
fluoroimmunoassay of testosterone. Serum-based standards 
of unknown samples (100 ~1) were extracted for 15 min with 
1 ml of freshly prepared diethyl ether-ethyl acetate mixture 
(9: 1 v/v); a 400-p I portion of the ether phase was evaporated 
under a stream of air, after which 120 ~1 of assay buffer were 
added and the sample was left for at least 30 min before 
duplicate 50-~1 samples were taken for the measurement. 

10 - 0.25 
Cortisol (pmole/tube) 

25 6.25 12.5 25 37.5 
1 1 I I I 

10 100 250 500 1000 1500 

Cortisol (nmole/l.) 

Fig. 9. Standard curves for a competitive time-resolved 
fluoroimmunoassay of cortisol with three different amounts 
of cortisol-3-CMSovalbumin immobilized on the walls of 
microtitre strips: 0 3.5, 0 1.7 and A 0.9 pmole of cortisol 
per well. The assays were done with a sample volume of 20 
~1 and a total volume of 120 ~1, with 50 ng of labelled 
antibody (5 Eu/IgG) in the assay buffer. Incubation was 1 
hr at room temperature. B, was 4.05 x 105, 2.30 x lo5 and 
1.33 x lo5 cps, for the three solid-phase antigen levels (in 

order of decreasing concentration). 

ions conjugated to the labelled antibody, but the 
level can be further adjusted by varying the amount 
of labelled antibody within a certain limit. Con- 
sequently, the fluorescence signal in the assay is 
modified by varying the parameters during the opti- 
mization of assay conditions. 

Figure 10 shows the correlation between a con- 
ventional RIA and the time-resolved fluoroimmuno- 
assay of cortisol with labelled antibodies. The 
coefficient of variation (CV) within the assay range 
was below 11%. 

DISCUSSION 

The results obtained in immunometric and com- 
petitive assays, both of them based on a labelled- 
antibody technique, show that sensitive, rapid and 
simple assays can be developed with europium as the 
label and time-resolved fluorescence as the detection 
method. The long decay time of the europium label 
is utilized to eliminate the background problem 
which previously limited the applicability of 
fluorescent labels in assays requiring high sensitivity. 
In the assays, the europium ion is actually bound to 
the antibody as a non-fluorescent chelate.6 Con- 
sequently, only the chelated metal ion is used as the 
label during the immunoreaction, and the europium 
fluorescence is developed after the ion is released by 
dissociation in the presence of an enhancement solu- 
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Fig. 10. Correlation between RIA and time-resolved 
fluoroimmunoassay of cortisol. Serum-based standards and 
unknowns (20 ~1) were used in accordance with the assay 

conditions described in the caption to Fig. 9. 

tion which contains the energy-absorbing ligands 
required for the formation of a fluorescent chelate. 
The situation is very favourable in regard to the 
measurement of fluorescence because excitation and 
emission occur in solution and not on a solid phase. 
In solution, europium concentrations as low as 
5 x 10-14M have been determined by use of the 
present systems, and as a number of europium ions 
can be coupled per antibody molecule, prospects for 
obtaining assays with even higher sensitivity exist.5.6 
The specific activity of the label, calculated on the 
basis of the measurement in solution, is actually lo6 
times that for ‘*‘I, which is most commonly used in 
assays employing radioactive labels.4 

The europium label can be used as in both com- 
petitive and immunometric assays. The competitive 
assays are based on a labelled-antibody technique to 
avoid the need to label every separate antigen, and 
hence avoid the difficulties involved in such steps. 
Furthermore, the use of the immobilized-antigen 
technique in competitive assays greatly simplifies the 
procedure, and all stability problems connected with 
the solid phase are eliminated. The performance 
characteristics are at least as good as those of con- 
ventional competitive techniques employing radio- 
active labels. 

The immunometric assay design benefits more 
extensively from the properties of the europium label. 
As shown before, assays with a higher sensitivity than 
that normally achieved with radioactive labels are 
obtained, for the same assay principle. The reason for 
the improved performance can be traced back to (a) 
the labelling, which does not affect the properties of 
the antibody, (b) the high specific activity of the label, 
and (c) the large excess of labelled antibody that can 

be used in the assays with no increase in non-specific 
binding. Of these causes, the last is probably the most 
important. In principle it should be possible to obtain 
similar performance characteristics with the same 
immunocomponents by using a radioactive label such 
as lz51, but a tremendous amount of radioactivity 
would have to be added, which in practice would 
cause several undesirable effects. The experimental 
results are consistent with the theoretical opti- 
mization of immunoradiometric assays.” 

Besides high sensitivity, the immunometric assays 
based on europium labels have a number of other 
benefits. The europium concentration can be mea- 
sured over a wide dynamic range and as the capacity 
of the antibody immobilized on the solid phase is 
large and a considerable excess of the labelled anti- 
body is used, an assay with an extraordinarily wide 
dynamic range is obtained. The benefit of the wide 
range is, of course, dependent on the degree of 
variation in the analyte concentration in clinical 
samples. It will, however, be of greater importance in 
the future as improved sensitivity in the assays widens 
the detectable concentration range for a number of 
analytes and facilitates important research on their 
clinical importance; hTSH is a typical analyte be- 
longing to this category, because in conventional 
methods difficulties arise in measurement of concen- 
trations at normal levels and below. 

The standard curve in immunometric assays is 
linear after the background signal has been sub- 
tracted. Because of this it becomes possible to reduce 
the number of standards required. Assays can even be 
performed with only one standard and a blank. This 
property can be utilized to full extent when a stable 
label-preparation is used. However, replication of the 
standard will improve the precision. 

Both the competitive and immunometric assays 
have been based on use of the wells of polystyrene 
microtitre strips as the solid phase. In each case 
handling becomes simpler, since the separation step 
in the solid-phase assays is accomplished by washing 
the wells, which can be done with a variety of 
commercially available devices designed for the pur- 
pose. The only additional step [apart from the incu- 
bation(s) and washing] currently needed in the time- 
resolved fluorescence assays is the addition of 
enhancement solution before the I-set measurement 
in the fluorometer. The total assay time, including the 
immunoreaction(s), is dependent on the quality of the 
antibodies used. Several of the assays can be done in 
1 hr or less, as the fast and easy handling eliminates 
the error caused by slight variations in incubation 
times when equilibrium is not reached. In practice, 
however, the number of tests in fast assays must be 
limited to 1 microtitre plate (8 strips). Monoclonal 
antibodies contribute to the simplicity of the pro- 
cedure in immunometric assays, as some of the tests 
can often be performed with a single incubation, with 
all the components required added in one step. A 
one-incubation, multi-site, solid-phase assay of 
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human pancreatic phospholipase AZ, based on time 
resolved fluorescence, has been developed recently, 
and was successful even though a polyclonal anti- 
body was used.” 

CONCLUSIONS 

Europium ions as labels and time-resolved 
fluorometry as the detection method have been 
shown to provide an alternative of high potential in 
the field of non-isotopic immunoassays. The high 
specific activity, which exceeds that of radioactive 
labels, makes the europium label ideal in assays 
requiring high sensitivity. The label can be applied 
both in competitive assays using a labelled-antibody 
technique, and in immunometric assays. In both 
types of assay high sensitivity and excellent precision 
have been obtained, and the immunometric assays 
give a linear range of at least lOOO-fold. 

The combination of solid-phase assay with the 
stable label and fast and sensitive detection principle 
results in rapid tests that are easy to handle. The 
technique is predicted to have a wide application in 
a variety of immunoassays in both research and 
routine determinations in the near future. 
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Summary-Aqueous two-phase systems provide a novel and convenient method for separating bound 
from free fractions in a binding assay. The ease of automation of this type of procedure makes it 
particularly attractive for separations based on immobilized iigands or binders or on adsorbents. 

In order to determine the degree of binding in a 
ligand: binder assay, the amount of free and/or bound 
reactant must be measured. This generally requires a 
separation step. There are exceptions to this rule, but 
there is no general method that avoids separation. 
In an effort to meet at least some of the requirements 
for a fast and simple assay we have developed the 
so-called “partition-affinity ligand assay” (PALA). 
The method involves a binding reaction and sub- 
sequent separation by partition in an aqueous two- 
phase system. 

In aqueous two-phase systems, both phases con- 
tain 8595% water together with a water-soluble 
polymer or a salt. The systems based on poly(ethylene 
glycol) (PEG), and dextran have been studied exten- 
sively. In these systems the PEG is mainly in the 
upper phase, and the denser phase is rich in dextran. 
The systems are biocompatible because of their high 
water content and the extremely low surface tension 
(in many cases less than 0.1 dyne/cm). 

When a substance is added to a two-phase system, 
it will partition between the phases according to the 
surface properties of its molecules. The partition 
behaviour is characterized by the partition coefficient, 

&fiy which is the ratio of the concentrations in the 
top phase to that in the bottom phase. 

The principle for studying direct binding reactions 
in aqueous two-phase systems is schematically illus- 
trated in Fig. 1. The composition of the phase system 
is chosen so that the antigen partitions into one phase 
(Fig. la) and the antibody into the other (Fig. lb). 
The degree of binding is then a function of the 
displacement of antigen when antibodies are added to 
the system and antigen is moved to the phase into 
which the antibodies partition (Fig. lc). In practice, 
neither reactant is completely partitioned into one of 
the phases, but the two partition coefficients give the 
range for the calibration curve. 

The separation step in a binding assay must be 
highly reproducible and preferably fast as well. This 
means that when phase systems are used for sepa- 
ration, the effects of salts and other substances that 
influence partitioning should be minimized. It also 
means that long multi-step procedures should be 

avoided. Both these requirements imply the use of an 
effective separation procedure and can be met by 
employing an antibody with strongly selective par- 
titioning into one of the phases and thus low sensi- 
tivity to change in the composition of the phase 
system. 

Requirements for separation 

Proper partitioning of the antibody can be accom- 
plished by choosing a proper phase system,‘.* or if 
necessary, by modifying the surface structure of the 
antibody’-’ in order to make it partition practically 
exclusively into one of the phases. Such modified 
binding structures have been called separator mole- 
cules. 

Partition-affinity ligand assays can only be set up 
when the differences in partition behaviour between 
the reactants are sufficiently large. The character of 
the label used and the binding characteristics of the 
antigen-antibody interaction, as well as the reactant 
concentrations influence the overall partitioning. In 
general terms, however, when the ratio of the par- 
tition coefficients is greater than 10 it is possible to set 
up a manually interpreted assay. In this case the 
partition coefficient can be regarded as an approxi- 
mation of the bound/free ratio. As will be discussed 
later, even small differences in the partition 
coefficients may be sufficient if an evaluation method 

Fig. 1. Schematic representation of a direct binding assay 
between antigen and antibody. (A) The antigen partitions 
into the top phase and (B) the antibody partitions into the 
bottom phase. (C) Binding is observed as a displacement of 

antigen from the top phase to the bottom phase. 
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Fig. 2. Calibration curve for a competitive assay of digoxin. 
Native and iodine-labelled digoxin partitioned into the top 
phase, whereas the antibodies partitioned into the bottom 
phase. The radioactivity in the top phase is given as a 
function of added native digoxin. (From Mattiasson,’ by 

permission of the copyright holders.) 

that compensates for the incomplete separation is 
utilized. 

In assays of haptens favouring the top phase, a 
very favourable situation occurs. In the case of 
digoxin, for example, the partition coefficient for the 
digoxin is 4.0 and for the antibody against digoxin 
0.30. Furthermore, the reactants differ in size 

sufficiently for the complex formed to partition in the 
same way as the native antibody. By measurement of 
the decrease in label concentration in the top phase 
and/or the concomitant increase in the bottom phase 
at constant concentration of antibodies and labelled 
digoxin, the concentration of the native digoxin can 
be obtained by interpolation in a calibration curve. 

A typical calibration curve is shown in Fig. 2. 
Several haptens behaving like digoxin have been 
determined (Table 1). When the molecules are equally 
large and/or favour the same phase as the antibodies 
do, a much more complicated situation occurs. In 
such cases one of the reactants has to be modified in 
order to change its partition behaviour. Several pos- 
sibilities for overcoming this problem are discussed in 
the following section. 

In a study of molecules of similar molecular 
weights (less than one order of magnitude difference) 
and similar partition behaviour, the interaction be- 
tween the lectin concanavalin A (Con A) and the 
glycoenzyme, horseradish peroxidase (HRP), was ex- 
amined. The system was designed to study binding of 
sugars in a competitive assay where the carbohydrate 
competed with the carbohydrate entities of the per- 
oxidase molecule for binding to Con A. The enzyme 
part of the glycoprotein was thus utilized as an 
enzyme label on the carbohydrate. In the phase 
system used, K,,,,, for HRP was 0.12 and for Con A 
0.031. 

In order to solve the separation problem, a rather 
drastic change in the partition behaviour of one of 
the entities was necessary. The aim, besides changing 
K part, was to make the complexes formed by binding 
partition into the same phase as the modified reac- 
tant. The binder, Con A, was modified, because 
modification of the carbohydrate was inconvenient. 

Table 1. Partition-affinity ligand assay-immunoassays of different antigens 

Time, min 
Type of 
antigen Antigen Separator Other reactant Label Type I S Range Reference 

Hydrophobic 
hapten Digoxin (Ab) Ab/digoxin* I251 Comp 5 5 l-8nM 1 

Hydrophobic 
hapten T, (Ab) Ab/T$ iz51 Comp 30 30 14nM 2 

Hydrophobic 
hapten T4 (Ab) Ab/T: 125I Comp 120 15 5G200nM 16 

Hydrophobic 
hapten Digoxin Dextran Ab Digoxin* iz51 Comp 120 

Hydrophilic 
hapten Glucose PEG-Con A Glucose* HRP Comp IO-30 

Protein /I,-Microglobulin PEG-Ab /&m* iz51 Comp 20 
Protein &Microglobulin PEG-Staph. &m*/Ab iz51 Comp 20 
Cells Staphylococci (Staph) IgG* 12’1 Dir 30 
Cells Staphylococci PEG-Staph IgG* 125I Comp 30 
Cells Streptococci (Ab*) HRP Dir 30,60 
Cells Streptococci PEG-Strep % iz51 Comp 30, 60 

39 l-8nM 1 

10 20-1000pcM 
15 3-96 pg/l. 
15 3-96 pg/l. 

120 106-10’ 
120 105-10’ 
60 2.5 x lo’-IO5 
60 2.5 x 104-IO5 

*Labelled reactant. 
Label: HRP = Horseradish peroxidase. 
Type: Comp = competitive assay; Dir = direct binding assay. 
Time: I = reaction period (at room temperature); S = time allowed for phase separation. 
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Table 2. Methods used for activation of PEG 

Activating agent 

Coupling 
Time for 
activation Time, hr pH range Reference 

Triazine 1 hr 3 8.7 8 
Tresyl 15 min 16 7.5-9.5 9 
Epichlorohydrin 16 hr 3 8.5-11.0 17 
Carbonyl di-imidazole 15 min 3-5 5.5-8.5 18 

The modification strategy was to introduce groups 
onto the surface of the molecule to make it favour 
one of the phases. 

Modification has mostly been effected by covalent 
attachment of a polymer, e.g., PEG, to make the 

substance partition into the PEG-rich top phase.3-5 
To prevent the formation of cross-linked complexes 
of the binder, a monomethoxy-PEG was used. 
Several methods for PEG-activation and coupling to 
the protein have been tried (Table 2). On the other 
hand, addition of dextran in the form of the single 
polymer6 or cross-linked in Sephadex particles,’ en- 
ables the substance to partition into the dextran-rich 
(or salt-rich) bottom phase. Organic moieties such as 
phenyl groups and alkyl chains (octyl, dodecyl) have 
also been used for modification.6 The formation of an 
antibodyenzyme conjugate can also be regarded as 
a modification of the antibody, since it is possible to 
change its partitioning in this way.’ 

The methods for modification with PEG have been 
developed at various laboratories since PEG- 
modification of various biological macromolecular 
structures became important. Abuchowski et al.’ 
introduced triazine activation of PEG, a method we 
have used in many of our applications. The tresyl- 
modification method has also been successfully 
applied and is now our routine process.’ 

When antibodies are modified by attachment of 
PEG, their surface properties are altered, giving them 
a higher partition coefficient. However, the PEG 
molecules may sterically hinder binding reactions. 
Highly modified antibodies have a significantly de- 
creased binding capacity and if PEG-modified anti- 
bodies are to be used in an assay, they should be able 
to partition predominantly into the top phase and 
also retain a fair amount of their binding capacity. 
Each batch of modified antibodies has, therefore, 
been tested for the ability to bind antigen and move 
it to the top phase.3-5 This ability has been called the 
transport capacity. For most types of binding struc- 
tures, the degree of modification has an optimum. 

OpticaI properties 

If the partition assay is to be done with limited 
facilities (e.g., in the field), it should be advantageous 
to use a phase system that is optically clear in order 
to permit use of a calorimetric assay for direct 
registration of the enzyme activity in one of the 
phases. With conventional systems, it is possible to 
obtain one clear phase by changing the volume ratio 
of the phases. It is also possible, by careful selection 

of polymers, to set up a system that separates directly 
into two optically clear phases.” 

Immunoassay procedure 

An immunoassay for use in the field must be 
simple, quick and easy to operate. How does the 
PALA method meet these demands? 

A typical test is performed in a test-tube, in which 
the labelled antigen (in a small volume of buffer) is 
mixed with the sample to be assayed. A fixed amount 
of antibodies is added and binding takes place. The 
kinetics of the binding reaction are difhcult to alter, 
but since the assay procedure involves a quick sepa- 
ration step, it is possible to terminate the binding step 
long before equilibrium is attained, without de- 
grading the analytical result. Phase separation takes 
place within seconds after addition of the fine dis- 
persion of the two phases. 

If the assay is to be performed by direct reading of 
the distribution of enzyme activity in the phase 
system, then the substrates must be added with the 
phase system. Ultimately, all the steps-binding, 
separation and reading--can take place in the same 
test-tube. If only semiquantitative results are re- 
quired, visual determination of the activity in the two 
phases might be enough. 

Otherwise an aliquot of either phase may be re- 
moved, mixed with substrate and assayed. There are 
few manual steps involved in the process. In theory, 
at least, this should give good accuracy and also easy 
automation, as discussed later. 

Binding analysis 

The art of performing binding analyses is often the 
art of separating free and bound antigen. Most of the 
separation methods used in biochemistry have also 
been used in binding analyses. A good separation 
method must be able to separate the reactants with- 
out perturbing the binding reaction. This statement 
may sound superfluous, but the perturbation effect is 
not always easy to avoid and its consequences may be 
difficult to establish. 

After the degree of binding has been determined in 
an analysis, the data may be used for calculation of 
the association constant or stoichiometry of the 
reaction. The interaction between a protein, P, and a 
ligand L, produces a complex, PL. 

P+LSPL 

If the complex is completely isolated during the 
separation process, the complex will dissociate 
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slightly and after some time establish equilibrium. In 
practice, complete separation does not occur, but 
many methods are designed to remove most of the 
free reactants and thus introduce risk of dissociation 
of the complex. Another factor that governs the 
dissociation is, of course, the magnitude of K,,,. 
However, even if the complex is not thermo- 
dynamically stable, it may be kinetically stable (i.e., 
the dissociation is slow). 

It is thus evident that a separation method that is 
to be used in analytical procedures must not only be 
highly reproducible but may also have to be precisely 
timed.” 

Another problem that may occur involves inter- 
actions between the reactants and the material used 
in the separation process. Many binding reactions are 
studied in a very low concentration range (p&f-+4) 
and are thus very sensitive to perturbations, e.g., 
adsorption on plastic reaction vessels, ultrafiltration 
membranes,‘2,‘3 or gel-filtration media. Thus the com- 
monly used method of equilibrium dialysis has an 
inherent weak point. This method is often used for 
determining binding between a protein and a low 
molecular-weight ligand. Many of the ligands studied 
are rather hydrophobic in nature, have low solubility 
in aqueous buffer solutions and are prone to ad- 
sorption on the dialysis membrane. Such adsorption 
may be strong enough to completely distort the 
outcome of a binding analysis.‘2,‘4 Problems of this 
kind are not very often discussed in the literature. The 
interpretation of binding data from equilibrium di- 
alysis experiments has, however, been found in some 
cases to be inadequate.13 

The preparation of bound and free reactant in 
aqueous two-phase systems has, in this respect, two 
advantages. 

1. The degree of separation can be controlled. It is 
reproducible between different batches of phase 
systemsI and is not time-dependent after equilibrium 
has been reached. 

2. There are generally no problems with ad- 
sorption of biomolecules. However, particles and 
very large protein aggregates may be adsorbed at the 
interface. 

We have used a method evaluating results from 
binding analyses where neither reactant is completely 
partitioned into one phase. It is, however, required 
that the reactants are preferentially partitioned into 
different phases and that their partition coefficients 
are known. The interaction of a ligand, L, with a 
protein, P, in a two-phase system can be represented 
by the following scheme (the stoichiometry is not 
considered at this point): 

top phase 

II KpW 

1pL + - 6C 
-X- 

bottom phase 

The partition coefficient, K,,,,, is defined as the ratio 
of the concentrations in the top and bottom phases: 

K,,,, = C’/Cb (1) 

The superscript t denotes the top phase and b the 
bottom phase. After the total amount of label in each 
phase has been determined the evaluation can start. 

GJO, = Cl + CbL (2) 

CbL,t0t = cb, + cbpr (3) 

The total concentration of complex and concen- 
tration of free ligand are now to be determined. The 
following set of equations is used and solved by 
iteration.5s’0 As an initial approximation, Cl,,,, is 
used instead of Cl in equation (1). 

Cb, = GiK~,,, (4) 

G, = GO, - C”, (5) 

G = Cbp~ x &,PL (6) 

G = GO, - GL (7) 

In equation (7) a new value of Cl is obtained and can 
be used in equation (4). The calculations proceed 
until the same values are obtained in two successive 
steps. 

This method has been used to evaluate binding 
analyses of the interactions between serum albumin 
and Cibacron BlueI and in competitive immu- 
noassays involving binding of B,-microglobulin to 
antibodies5 A more detailed description of the evalu- 
ation procedure has been published.5.‘2 The method 
is only a basic concept and can be further developed 
for calculations involving more complicated binding 
situations. 

AUTOMATION 

A particular advantage of using aqueous two- 
phase systems for separation in analysis is that the 
steps of the assay are mechanically simple. The 
separation is initiated by the mixing of the phase 
components and terminated by withdrawal of a 
sample from one of the phases. The steps of the 
PALA are as follows. 

1. Mixing of the reactants for the binding reaction 
(e.g., sample, antibody and antigenenzyme conju- 
gate). 

2. Addition of the phase system. Enzyme sub- 
strates might be included. Mixing. 

3. Withdrawal of sample from one of the phases 
for determination of enzyme activity. The sample is 
mixed with substrate if this was not done in the 
previous step. 

Steps 1 and 2 are necessary for the assay. In some 
cases step 3 may be excluded and the result read 
directly, e.g., by visual determination. Each step can 
be automated without loss of control of the process. 
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Commercial equipment available can easily be 
adapted for use with the PALA-technique. A disad- 
vantage is that such equipment is dedicated and 
unnecessarily sophisticated and expensive. It is, how- 
ever, also possible to assemble an automatic PALA 
analyser from equipment commonly available in bio- 
chemical laboratories. 

Design 

The PALA analyser consists of a conveyor belt (or 
a fraction collector) having three stations, three dual- 
channel peristaltic pumps, a photometer and a micro- 
computer. 

The three steps mentioned above can be executed 
in the following way. The samples are manually 
distributed in test-tubes and put on the conveyor belt. 
At the first pump station, antibody and 
antigen-enzyme conjugate are added by delivery of a 
controlled volume of each. After a predetermined 
time, set by the speed of the belt and the number of 
test-tube positions between the stations, the test-tube 
arrives at the second station. Here, the phase com- 
ponents are added by dual-channel pump. Each piece 
of tubing has a narrow outlet, thus giving a fine jet 
which hits the liquid forcefully, resulting in instant- 
aneous mixing. After a second time interval, which is 
long enough to allow the phases to settle, the test- 
tube comes to the last station, where a sampling 
needle is brought down into one of the phases. If 
necessary, a dual-channel pump can be used, so that 
the aliquot taken can be mixed with buffer and 
enzyme substrate, or other reagents. 

Equipment 

Conveyor belts are commercially available, but 
rather expensive. A modified fraction collector, can 
be used instead. A fraction collector of carousel type, 
having all the test-tubes in a circle, is advantageous, 
since this makes it easy to have the stations in the 
proper positions. The timer in the collector can be 

used for initiating the operations at the different 
stations. 

Pumps 

Almost any type of peristaltic pump can be used. 
It should be checked that it can be controlled exter- 
nally by a microcomputer and that tubing with 
diameter suitable to allow flow of the somewhat 
viscous phase components is available. 

Photometer 

Any simple spectrophotometer and many filter 
photometers can be used, provided the instrument 
can be equipped with a flow cuvette and that it has 
a connector for external read-out. Depending on the 
intended use, ruggedness of the model may be a more 
important consideration. 

Microcomputer 

Many microcomputers that can be used for control 
and data-acquisition are available. Important factors 
when choosing a system are portability, data-storage 
capacity and availability of interface cards for con- 
nection of external equipment. We have used an 
ABC80 (Luxor AB, Motala, Sweden), equipped with 
one interface card for controlling the conveyor belt 
and the pumps and one A/D-converter for reading 
the photometer. 
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Summary-This paper describes the development of an assay for the measurement of thyroxine binding 
prealbumin in plasma or serum, based on the technique of fixed-time kinetic immunoturbidimetry with 
the Cobas Bio centrifugal analyser. The assay has good precision (coefficient of variation ~5%) and a 
detection limit of 15 mg/l. The assay is rapid, economical, and the results compare well with those obtained 
by an established procedure. The technique has wide applicability to instruments which can make kinetic 
measurements and could prove useful in the clinical monitoring of patients receiving nutritional support 
and in the identification of nutritionally-at-risk groups prior to surgery. The assay further emphasises the 
sensitivity and usefulness of kinetic immunoturbidimetry for the measurement of low concentrations of 
proteins. 

In the last decade there has been an increasing 
interest in the nutritional status of patients in hospi- 
tal, both by the doctors looking after them and the 
pharmaceutical industry providing nutritional prod- 
ucts. Recent North American surveys have indicated 
that up to 50% of such patients may be suffering from 
clinical and subclinical malnutrition.‘** Evidence di- 
rectly linking malnutrition with increased morbidity 
and mortality is not hard to find, since loss of weight 
and combined nitrogen may be rapid after injury or 
during any illness, because of a combination of 
increased breakdown of body tissue and insufficient 
food intake. Some of this evidence has been recently 
reviewed by Woolfson.’ Clearly, for a whole range of 
different medical and surgical conditions there are 
distinct advantages in improving nutrition by assist- 
ing, or replacing the patient’s ordinary diet. 

Total parenteral nutrition is increasingly used in 
the correction of nutritional deficiencies, but is ex- 
pensive. Clearly a practical and sensitive method for 
the early detection of subclinical protein and energy 
malnutrition and for assessing the adequacy of 
dietary treatment and nutritional support, would be 
useful. 

Measuring plasma albumin has been the mainstay 
of nutritional screening in clinical practice, but the 
long half-life (19 days) limits its usefulness in follow- 
ing the rapid nutritional changes that need to be 
monitored in patients receiving total parenteral nutri- 
tion. Plasma transferrin is also reduced in severe 
protein and energy malnutrition, but its usefulness in 
the detection of subclinical malnutrition is limited 
because of its relatively long half-life (8 days), the 
effect of iron status, its “acute phase” response to 
infection and stress, and the buffering ability of a 
good nutritional state.4 

The use of rapid-turnover transport proteins such 
as thyroxine-binding prealbumin (TBPA)“6 and 

retinol-binding protein (RBP),ti with biological half- 
lives of 48 and 12 hr respectively, has been shown to 
be very sensitive to changes in both dietary protein 
and energy over very short time periods.4,6 It appears 
that these proteins will prove useful in the assessment 
of nutritional support and in the early detection of 
subclinical protein and energy malnutrition. 

It must be borne in mind, however, that changes in 
both liver disease and chronic renal disease may 
influence the levels of such proteins. Furthermore 
TBPA is also a negative acute-phase reactant and 
care may be needed in some situations in interpreting 

the data. 
The protein TBPA has a molecular weight of 

5.5 x lo4 and migrates faster than albumin in cellu- 
lose acetate electrophoresis. The protein also binds 
the smaller (m.w. 2.1 x 104) RBP and thyroxine. 
TBPA has usually been measured by a variety of 
time-consuming or imprecise immunological tech- 
niques which include radial immunodiffusion’ and 
electroimmunoassay.6~7 More recently, light- 
scattering immunoassay has proved to be a sensitive, 
precise, rapid, easily automated alternative to these 
time-honoured gel-precipitation methods for pro- 
teins.8.9 The technique of light-scattering immuno- 
assay has been based on use of dedicated analysers 
employing nephelometric detection’-” or on use of 
kinetic analysers and spectrophotometers, with tur- 
bidimetric detection.8,9,” The kinetic turbidimetric 
approach has much to commend it in terms of flexible 
use of equipment, superior precision, less effect of 
analyser and reagent noise, and comparable sensi- 
tivity.‘* In particular, “enzyme analysers” such as the 
LKB reaction-rate analyser have proved very use- 
ful ‘%I’ as have centrifugal analysers.“~‘s-20 

The precision and sensitivity of immuno- 
turbidimetry now seem comparable with those of 
nephelometry (unless some form of sample pre- 
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treatment is used),8~9~‘2 thus raising the question of the 
need for dedicated nephelometric instruments. Cen- 
trifugal analysers seem very well suited for the pur- 
pose, with their very precise control of timing, mixing 
and temperature, and the use of sophisticated micro- 
processor or computer facilities for analysing kinetic 
data.2’ One such commercial instrument (Cobas Bio) 
has a novel optical system in which absorbance 
measurements are made with the cuvettes lying longi- 
tudinally in the light-beam, and the light-source is a 
pulsing xenon tube.22 The advantages of this type of 
optical arrangement over other types of photometric 
system have been outlined.23 

This paper outlines the development of a fixed-time 
kinetic immunoturbidimetric method for the mea- 
surement of thyroxine-binding prealbumin with the 
Cobas Bio centrifugal analyser. 

EXPERIMENTAL 

Instrumentation 

The Cobas Bio Centrifugal Analyser (Roche Diagnostics, 
P.O. Box 8, Welwyn Garden City, Hertfordshire, U.K.) was 
used to collect absorbance data. Data-processing of absorb- 
antes and calibration curve-fitting were done with a third- 
order polynomial routine on an Apple II computer. 

Reagents 

All reagents were obtained from British Drug Houses, 
Poole, Dorset, and were of “AnalaR” grade or equivalent 
except where stated. 

Phosphate-buffered saline. Prepared by dissolving 5.85 g 
of sodium chloride, 9. IO g of dipotassium ethylenediamine- 
tetra-acetate dihydrate, 7.16 g of disodium hydrogen phos- 
phate and 1.33 g-of potassium dihydrogen phosphate d 950 
ml of distilled water, adiustina to uH 7.40 + 0.02 and 
diluting to 1 litre with distilled water. The buffer-was stable 
for at least three months when stored at 4”. Its composition 
is 0.05M phosphate, O.lM sodium chloride and 0.0225M 
EDTA. The EDTA minimizes variation in the effect of 
calcium and magnesium.R,9 

Phosphate buffer with polyethylene glycol 6000. Prepared 
by dissolving 40 g of polyethylene glycol 6000 (PEG) in 800 
ml of phosphate-buffered saline and diluting to 1 litre with 
the saline. This solution was stable at 4” for at least three 
months. 

Stock antihuman thyroxine -binding prealbumin antiserum. 
Rabbit antihuman thyroxine-binding prealbumin was 
obtained from Hoechst Pharmaceuticals, Hounslow, 
Middlesex, U.K. (Product Number ORCA 05). To produce 
a working antiserum solution, the required volume of 
antiserum was appropriately diluted with phosphate- 
buffered PEG reagent. After 15 min at room temperature 
the working reagent was centrifuged (1750 g, 10 min) to 
remove any precipitate formed. 

Standards and quality-assurance materials. A stabilized 
standard human serum (Hoechst Pharmaceuticals, Product 
Number ORDT 07) was diluted stepwise with 0.1 M sodium 
chloride, to provide a series of five standards covering the 
range 35-560 mg/l. Protein standard serum B (Hoechst 
Pharmaceuticals, Product Number OTFG 07) was used for 
quality-control of the assay. 

Procedures 

Kinetic immunoturbidimetry. Table 1 summarizes the final 
assay conditions, including the instrument settings for the 
Cobas Bio analyser. The antiserum was diluted 1:9 with 
phosphate-buffered PEG. The sample, diluent and reagent 
volumes and all other variables of the analyser were set by 

Table 1. Cobas Bio parameter listing for thyroxine-binding 
prealbumin assay 

1 Units DA 
2 Calculation factor 1000 
3 Standard 1 cont. 0 
4 Standard 2 cont. 0 
5 Standard 3 cont. 0 
6 Limit 0 
7 Temperature (“C) 25.0 
8 Type of analysis 5 
9 Wavelength (nm) 290 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Sample <o&e bl) 6 
Diluent volume (~1) 50 
Reagent volume @I) 200 
Incubation time (set) 0 
Start reagent volume 011) 0 
Time of first reading (set) 1.0 
Time interval (set) 10 
Number of readings 30 
Blanking mode 1 
Print-out mode 1 

the microprocessor when the required program was called. 
Cuvette 1 contained a reagent blank and cuvettes 26 
contained appropriate standards. The analyser, operating at 
25” and 290 nm, took absorbance measurements everv 10 
set after mixing and the change in absorbance between 1 
and 300 set after mixing was multiohed bv 1000 and minted 
out for each cuvette. 

. < r ~~~~ 

The absorbance data from the Cobas Bio were manually 
fed into a microcomputer and the calibration curve com- 
puted by using a third-order polynomial; the results for test 
samples were then calculated from this standard curve. 
Alternatively the results can be calculated graphically. 

Radial immunodflusion (RID). Radial immunodiffusion 
assay was done with Hoechst M Partigen immunodiffusion 
plates (Product Number OTBW 03). The diffusion rings 
were evaluated with a calibration graph obtained by plotting 
the square of the diameter against concentration of 
thyroxine-binding prealbumin for standard solutions. 

RESULTS 

Study of immunokinetic assay conditions 

Factors likely to affect the antigen-antibody reac- 
tion and its kinetics have been described in detail 
elsewhere.8,9*‘3 The reaction of TBPA with the anti- 
serum was studied in relation to the following vari- 
ables. 

pH. In contrast to previous experience’S’5 which 
showed no significant pH optima, the TBPA system 
had a distinct optimum pH of 7.40. 

Sodium chloride. The ionic strength of the reaction 
medium and the charge-density of the ions present 
significantly affect the kinetics of the antigen- 
antibody reaction.’ Previous studies’*16 have demon- 
strated the chaotropic effect of chloride ions; in- 
creasing the chloride ion concentrations decreases the 
rate of reaction. The addition of sodium chloride to 
the TBPA system increased the absorbance change, 
the effect being maximum at O.lM sodium chloride 
concentration in the buffered PEG. Further increase 
in sodium chloride concentration resulted in a 
marked decrease in the absorbance change. 
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Temperature. The effect of temperature on 
antibody-antigen reactions has been investigated by 
several authors but no clear picture has emerged. 
Price and Spencer,24 in a study of over 35 antisera 
against 8 antigens, found temperature coefficients 
(Q,,) varying from +40x to + 120% increase in 
reaction rate for a 10” temperature rise from 25”. The 
data for the TBPA assay indicate a significantly 
increased sensitivity if the assay is run at 25”, with a 
Qlo (25-35”) of +89x for the Hoechst antiserum. 

Enhancement by polymer. The effect of PEG 6000 
on the antigen-antibody reaction was studied by 
diluting the antiserum with PEG reagents of in- 
creasing concentration. The possibility of kinetic 
blank-reactions’6 was also investigated by studying 
the response in the absence of antiserum with a saline 
blank as reference. The results indicated an optimum 
PEG reagent concentration of 60 g/l. (46.9 g/l. in the 
final reaction mixture); however, at this concen- 
tration, non-specific precipitation, contributing to a 
kinetic sample-blank, was observed: It was therefore 
decided to choose a PEG concentration of 40 g/l. 
(31.3 g/l. in the final reaction mixture) since the 
sensitivity was reduced by only 15% and no non- 
specific precipitation could be detected. 

Antiserum dilution. Previous experience has shown 
that performance characteristics given for antiserum 
by the manufacturer do not always provide helpful 
information on the use of the antiserum in a kinetic 
assay. Batches of antisera must therefore be tested to 
ascertain the dilution necessary to obtain the required 
sensitivity. Figure 1 shows the precipitin curve at 
various dilutions of the antiserum used in this study. 
It was decided to use a dilution of 1 part of antiserum 
with 8 parts of diluent in the TBPA assay. This 
dilution represents a compromise between the need to 
operate with excess of antibody and to reduce assay 
costs, while still maintaining adequate sensitivity and 
precision. 

TBPA Img/l.l 

Fig. 1. Hoechst antiserum precipitin curves at various 
dilutions in PEG 6000 (40 g/l). e-0 dilution 1:6; 

0-O dilution 1:9; A-_-A dilution 1:lS. 

I 

100 x)0 500 703 

TBPA 1 mg 11.1 

Fig. 2. Calibration curve changes at two detector wave- 
lengths 0-e at 290 nm; O---_O at 340 nm. 

Wavelength. One factor influencing assay sensi- 
tivity is the wavelength used to measure the scattered 
light.9,‘2 The Cobas Bio, unlike many automated 
kinetic analysers, uses a grating monochromator, so 
the influence of wavelength on the assay could be 
studied. Rayleigh’s law of light-scattering indicates 
that the scattering intensity varies as the reciprocal of 
the fourth power of the wavelength of the incident 
light. Therefore, if this wavelength is decreased the 
intensity of the scattered light increases, hence the 
sensitivity increases. However, it must also be borne 
in mind that antibodies and proteins themselves are 
of sufficient size to scatter light and hence the serum 
and reagent blank signals will also increase. A further 
consideration in the choice of assay wavelength is the 
instrument noise at various wavelengths.12 

The TBPA assay system was set so that a set of 
standards for the calibration curve was run first, 
followed by 20 saline samples. The absorbance data 
at 340 and 290 nm were collected in the usual way. 
The data from the 20 saline samples were used to 
obtain a measure of instrument noise and the absorb- 
ance changes for the calibration curve were plotted 
graphically (Fig. 2). 

Although the initial absorbance of the reagent 
blank was 0.120 at 340 nm but 1.480 at 290 nm 
(because of the Rayleigh law effect), the instrument 
noise, expressed as the standard deviation (sd) of the 
absorbance of the 20 saline blank samples, increased 
only from 0.011 to 0.013. This minimal shift in 
instrument noise compared with the 40-fold increase 
in sensitivity, suggested 290 nm as the wavelength of 
choice. 

ASSAY PERFORMANCE 

Detection limits 

The detection limit is the smallest value (for a 
single analysis) which can be distinguished with a 
stated probability from a suitable blank. For light- 
scattering assays, assuming equality of absolute pre- 
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cision in measuring blanks and samples with concen- 
trations near the detection limit, the detection limit 
will be equal to the mean blank result plus 3 sd.* The 

data from the wavelength experiment with saline 
samples as blanks were subjected to curve fitting and 
the sd (and hence the detection limit) was calculated. 
For the assay at 290 nm the detection limit was found 
to be 15 mg/l., corresponding to an absorbance 
change of 0.018 in 5 min. This is equivalent to a 
concentration of 90 ng per cuvette and compares well 
with previously published data.8.9.‘2-‘8 

Within and between batch precision 

Within-batch precision of the assay system was 
assessed in the usual way by measuring replicates of 
three samples at different TBPA levels (Table 2). 
Between-batch precision was assessed by running the 
assay on 20 separate occasions, with freshly thawed 
aliquots of the three samples. On each occasion a 
fresh dilution of the stock antiserum was prepared. 
Table 2 shows the precision data. 

Relative accuracy 

The kinetic immunoturbidimetric assay was com- 
pared with the well-established standard technique of 
radial immunodiffusion, for analysis of samples from 
patients. The regression parameters obtained accord- 
ing to the Deming procedure were y(RID) = 
5.141 + 1.019 x (immunokinetic); r = 0.9864, n = 50. 

Reference range 

Heparinized plasma samples taken from 45 healthy 
volunteers (23 female, 22 male; mean age 3 1.7 years) 
were submitted for analysis by the new procedure. 
The results showed a Gaussian distribution with a 
mean level of 277 mg/l, and a + 2 sd range of 16&390 
mg/l. There was no difference between the population 
mean for women and men. This range is in close 
agreement with those previously obtained by use of 
RID6 and electroimmunoassay;’ however, one brief 
report*’ on light-scattering immunoassay with a 
Beckman Rate Nephelometer indicated a reference 
range as wide as 151-503 mg/l. (This paper also 
reported much wider levels for the RID technique: 
131487 mg/l.) 

Excess of antigen 

The various methods for detection of excess of 
antigen have been outlined elsewhere.8.9 In this partic- 

ular assay kinetic equivalence occurs at 600 mg/l., so 
only samples with antigen levels greater than this will 
cause problems; such high levels are extremely un- 
likely in clinical situations. Many authors have used 
the change in reaction kinetics on change from 
antigen excess to antibody excess as a means of 
detecting antigen excess. This method proves very 
practical for analysers with analogue recorder output, 
but is less practical for analysers that only store the 
data readings. For instances of suspected antigen 
excess the data points must then be plotted manually. 
More recently, kinetic analysers with additional com- 
putational facilities have allowed presentation of raw 
data for inspection on a VDU and various com- 
putations and algorithms for real-time detection of 
this condition have been investigated. 

CONCLUSION 

Turbidimetric assays for the measurement of 
specific proteins in clinical chemistry have been real- 
ized by use of various analytical systems, including 
centrifugal analysers. The potential of these analysers 
for multiple data-point collection allows the use of 
kinetic techniques, and their ability to read the 
absorbance at the start of the reaction allows mea- 
surement of sample blanks. Accurate timing of the 
data of the data collection means that the reactions 
do not have to run to completion and sample 
throughput can therefore be increased. 

The assay described for TBPA is a rapid assay 
making use of instrumentation which is widely avail- 
able in clinical chemistry departments. The precision 
and speed of the assay are far superior to those 
of conventional assays such as RID and electro- 
immunoassay, and also superior to those of more 
recently outlined kinetic nephelometricZS and enzyme 
immunoassay26 methods. The detection limit of the 
assay, about 100 ng in the sample in the cuvette, is 
comparable to that reported for use of kinetic 
analysers8,9 and indicates that the novel optical ar- 
rangement of the Cobas Bio introduces no advan- 
tages or disadvantages in terms of assay sensitivity. 
However, the ability to use small volumes has an 
obvious cost implication. 

Preliminary clinical studies with the TBPA assay 
indicate that TBPA and other short half-life proteins 
have considerable potential for monitoring of nutri- 
tional status in a wide range of conditions. 

Table 2. Within and between batch precision (n = 20) for the kinetic 
immunoturbidimetric TBPA method 

Within batch Between batch 

Mean, sd, Mean, sd, 

msll. msll. CV, % mgll. v/l. cv, % 

A 91.8 2.9 3.2 92.9 4.2 4.5 
B 231.8 6.0 2.6 229.7 8.7 3.8 
C 399.7 7.2 1.8 401.1 11.6 2.9 
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Summary-Tandem mass spectrometry (MS/MS) is a promising technique for trace determination of 
compounds in complex mixtures. The application of triple-quadrupole MS/MS to clinical and pharma- 
cological studies has been investigated with major emphasis on rapid screening and determination of drugs 
and biomolecules in physiological fluids and tissues. These techniques have been applied to a range of 
problems, including the determination of chlorinated compounds in humans, subpicogram analysis of 
neurochernicals and the detection of illegal drugs in racing animals. A new technique for determining the 
structures of all the metabolites of a particular drug has also been developed. It is possible to identify 
in a single sample all molecular ions which contain substructures characteristic of the parent drug. The 
structure of each metabolite can then be determined by obtaining the MS/MS spectrum of the molecular 
ion. 

Tandem mass spectrometry (MS/MS) is a relatively 
new analytical technique based upon mass spec- 
trometers that can provide two (or more) stages of 
mass separation in sequence. This capability makes 
possible the integration of the two basic operations of 
chemical analysis, separation and identification, in 
one instrumental technique. Because both operations 
are based upon mass analysis, the technique is rapid, 
sensitive and selective. Here we describe the applica- 
tion of MS/MS to problems in pharmaceutical and 
clinical analysis. 

TANDEM MASS SPECTROMETRY 

A conceptual diagram of a tandem mass spec- 
trometer is illustrated in Fig. 1 and compared with 
the familiar gas chromatograph/mass spectrometer 
combination (GC/MS). Although several instrumen- 
tal approaches have been employed for mass analysis 
in GC/MS and MS/MS, the quadrupole mass filter 
shown is by far the most common. Tandem mass 
spectrometry has its roots in the early studies of 
ion-molecule reactions’ and metastable ions.2 The 
earliest applications of MS/MS for mixture analysis 
employed double-focusing mass spectrometers.334 
The development of the triple-quadrupole mass 
spectrometers made possible routine analytical appli- 
cations of MS/MS and led the way to commercial 
introduction of MS/MS instruments6 Instrumen- 
tation for tandem mass spectrometry has been re- 
viewed recently.’ 
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cal Center, Gainesville, FL 32602 and Department of 
Medicinal Chemistry, University of Florida. 
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Tandem mass spectrometry has a wide range of 
applicability for chemical analysis, as illustrated by 
the wide range of applications presented in the first 
book devoted to the subject.* These range from trace 
mixture analysis to structure elucidation. Here we 
will concentrate on clinical and pharmaceutical 
applications that employ the mixture-analysis capa- 
bilities of MS/MS. Before discussing those applica- 
tions, however, it is important to consider why 
MS/MS is advantageous for trace analysis. 

The unique position of mass spectrometry for trace 
analysis was presented recently by Cairns,’ as shown 
in Table 1. The extreme sensitivity of mass spec- 
trometric analysis provides detectable signals for 
minute quantities of analyte. For trace analysis, 
however, sensitivity is not the most critical figure of 
merit; rather it is the limit of detection, as shown in 
Table 2. The response of the detector in mass spec- 
trometry is rarely the limiting factor; indeed, de- 
tecting a single ion is commonplace. To take advan- 
tage of this sensitivity, high selectivity must be 
achieved, so that the signal from the analyte can be 
differentiated from that due to other compounds in 
the sample or the mass spectrometer background. 
The practical figure of merit, therefore, is limit of 
detection, a function of both sensitivity and select- 
ivity. The increase in selectivity provided by two 
stages of mass analysis in MS/MS can lead to im- 
proved (lower) limits of detection compared to tradi- 
tional MS, even though some sensitivity is inevitably 
lost in the second stage. 

The benefits of multiple stages of analysis in 
MS/MS were first elucidated by Cooks3 He pointed 
out that the signal due to chemical interferences is 
essentially “chemical noise”, and that the use of two 
or more sequential analytical stages or “gates” can be 
highly effective in filtering out this noise. Figure 2 
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Fig. 1. Conceptual diagrams of the triple-quadrupole tandem mass spectrometer (MS/MS) and a 
traditional gas chromatograph/quadrupole mass spectrometer (GC/MS). 

illustrates this concept. It is apparent that, as long as 
the signal is not decreased to the point that it cannot 
be detected, increasing the number of analytical 
stages increases the signal-to-noise ratio, and thereby 
improves the limit of detection. The added stages of 
analysis can include the second stage of mass analysis 
in MS/MS, the chromatographic separation in 
GC/MS, or both in GC/MS/MS. 

A further benefit of the sensitivity and selectivity of 
tandem mass spectrometry is the potential for rapid 
analysis. This results primarily from the ability either 
to eliminate the chromatographic separation step, or 
to use rapid, limited chromatographic separation 
with short packed or capillary columns. The loss in 
chromatographic selectivity is compensated for by 
the gain in mass spectrometric (MS/MS) selectivity. 
Speed is also gained since it is often possible to 

analyse complex mixtures with little or no sample 
preparation. 

Because of the potential for rapid, sensitive and 
selective trace mixture analysis, MS/MS is finding 
increased use in pharmaceutical and clinical applica- 
tions. In the sections below, we present some of these 
applications, taken from work in our own laboratory. 

SCREENING AND TRACE ANALYSIS 

Many problems in pharmaceutical and clinical 
analysis are best solved by a two-step 
screening/confirmation procedure. In this process, a 
rapid screening step is used to identify samples which 
may contain the analyte (positives) and to eliminate 
those which do not (negatives). The screening step 
should be sensitive enough to prevent false negatives, 

Table 1. Trace analysis and its technological implications 

Amount Trace Instrumental 
to be Weight, contamination, technique 

detected g W/W required 

Milligram (mg) lo-” 1 wth Titrimetric 
Microgram @g) 10-e 1 mm Spectrophotometric 
Nanogram (ng) 10-g 1 wb Gas chromatographic 
Picogram (pg) 10-u 1 PPt Mass spectrometric 
Femtogram (fg) 10-15 1 ww Mass spectrometric 
Attogram (ag) 10-18 1 wwi Yet to be discovered 
(Mologram)? 10-Z’ 1 DDS'ZX 

Table 2. Figures of merit for analytical methods 

Sensitivity = 
[ 

Slope of d (Signal) 

calibration curve I = d (Amount) 

Limit of detection = 
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1 2 3 4 5 

No of gates 

Fig. 2. Effect of multiple gates (sequential stages of analysis) 
on the signal, noise and signal-to-noise ratio of a mea- 
surement. Calculated for the case where each successive 
stage reduces the signal by a factor of 2 and the noise by 6. 

but will generally lack the selectivity to prevent false 
positives. All positives are then subjected to a second, 
more selective, confirmation step in order to identify 
those samples which do contain the analyte. If the 
rapid screening step effectively reduces the number of 
samples which must be subjected to the more time- 
consuming confirmation step, then this two-step pro- 
cedure saves time and expense. Typically, the two 
steps employ two different analytical techniques. 
Tandem mass spectrometry offers the advantage of 
being able to perform both steps with the same 
instrument. 

As an example of such an analytical problem, 
consider the testing of athletes (both animal and 
human) for illegal drugs. This type of analysis is 
traditionally performed by use of a thin-layer chro- 

matographic screening step followed by a GC/MS 
confirmation step.‘O We have developed an MS/MS 
procedure for these analyses.” Screening for up to 50 
drugs in a serum or urine sample is accomplished by 
selected-reaction monitoring (SRM) of one parent- 
ion/daughter-ion pair for each compound [analogous 
to selected-ion monitoring (SIM) in MS]. Alterna- 
tively, selected neutral losses. or daughter ions charac- 
teristic of particular classes of drugs can be mon- 
itored. Any positives are then confirmed by obtaining 
complete daughter spectra for the suspected parent 
ions and matching the resulting spectra with a library 
of daughter spectra for standards. This procedure is 
illustrated in Fig. 3, in which a horse serum sample, 
spiked with 25 ppm procaine, is screened for four 
drugs. 

The ion-current for each selected reaction is mon- 
itored as a l-p1 sample, inserted into the chemical 
ionization source on a direct insertion probe, is 
heated to 325” in 100 sec. The screening in Fig. 3 
indicated a positive for procaine. The presence of this 
drug is confirmed by heating a second l-p1 sample 
while obtaining the complete daughter spectrum for 
the compound’s protonated molecular ion, as shown 
in Fig. 4. The library match (Fig. 4) confirms the 
presence of procaine. This procedure permits the 
screening of 12 serum or urine samples per hr, with 
detection limits in the range 0.1-100 ppm for most 
drugs in serum, urine, or extracts thereof. This pro- 
cedure permits the sensitive and selective screening 
and confirmation of illegal drugs rapidly and with 
minimal sample preparation. 

The enhanced selectivity of MS/MS over tradi- 
tional MS also makes possible trace analysis with 
extremely low limits of detection. For example, we 

Selected reaction mon~tonng 

690 - 

26 * 

r 

. . 
. . . 237- loo 

. . 
..* . PWXlKle 

. . 

: f. 
. . . . 

I . .._... ..* . . . . . . . . . . . . . . . . . . . . . . . . .._ .,.... _ I. . . . I 

191 - (24 

Theophyllme 
. . 

. . - . . . . . . . . 
-. -. .:_.* . . . . .- . . . .* . : . . . . . . . -.. . . . . 

. . : 
.*‘_,_ . *.. ._... . . *. . 

I . I . . _* . . . . ..: . 

0 
. . . . . . . . . . . . . . . :- **.- .:_. 

k 23- . . 181- 139 . 

v, * . ’ Propylporaben 

-. -. . * . * .* : . . . 
. -. . . 

: . 
. . . . . * . . ** . . *** . -. e.0. .* . . - . . . 

. a.. _. . *.. . - . . . 
. . . . . . *. . . 

.-. . :. *. . . . . . 
. * -..* - *. . . . I t .* . I 

* .309- 188 

Phenyl~utorone 

. . 
.... ... ... ......... . . . ....... ... ......... ... .... . . ..... I . . ................. 

200 400 600 800 

Scan 

Fig. 3. Screening for four drugs in horse serum spiked with 25 ppm procaine. Results are positive fir 
procaine, negative for the other three drugs. 
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Fig. 4. Comparison of daughter spectrum of procaine in 
serum with reference library daughter spectrum (for pro- 

caine in chloroform). 

have demonstrated the ability to detect hexa- 
chlorobenzene and trichlorophenol in extracts of 
human serum and urine with detection limits of 0.05 
pg and 0.25 pg, respectively, at a rate of 100 sample 
injections/hr.12 The low detection limits were made 
possible by the use of a short GC column for sample 
introduction, negative chemical ionization (NCI), 
and selected-reaction monitoring MS/MS. The use of 
the 50 cm x 0.1 cm GC column provides short reten- 
tion times (c 30 set) for rapid analysis. 

A similar approach has been applied to trace 
analysis for neurochemicals (tryptolines in rat brain 
extractI and octopamines and synephrines in human 
serum and urine). I4 In order to take advantage of the 
sensitivity of NCI, the compounds are converted into 
their perfluorinated propionic or butyric acid deriva- 
tives. This approach provides extremely low limits of 
detection (Table 3) in standard solutions. When real 
brain-tissue, urine, or blood serum are analysed, 
however, large numbers of compounds, many present 
at levels significantly higher than the analytes, also 
form derivatives. The short GC column is not ade- 
quate to resolve these compounds from the analyte, 
leading to severe quenching in the electron-capture 
NC1 process and difficulty in detecting even 10 ng of 
the analyte. Indeed, not even the selectivity possible 
in the MS/MS analysis can correct for competitive 
ionization and quenching from interferences in the 
NC1 source. 

One solution to this problem would be to switch to 
positive CI, which is much less sensitive to ionization 
interferences, albeit with a significant loss in sensi- 
tivity. Alternatively, longer capillary columns could 
be used lo separate the analyte derivative from those 
of other sample components. This latter approach 
provides detection limits similar to those achieved 
with the short column, but with longer retention 
times (ca. 10 min) and therefore less rapid analysis. 
The real value of selected-reaction monitoring 
MS/MS compared to selected-ion monitoring MS, 
even with capillary GC separation, is illustrated in 
Fig. 5. Figure 5a shows the GC/MS (SIM) and 5b the 

GC/MS/MS (SRM) chromatograms for a crude rat- 
brain extract spiked with 35 pbb of methtryptoline. 
The SIM chromatogram shows numerous com- 
pounds producing the m/z 362- ion, while the SRM 
chromatogram for m/z 362---+m/z 179- shows only 
methtryptoline. Expansion of the chromatogram 
time-scale in the area of the methtryptoline peak 
(Figs. 5c and 5d) shows that in the SIM analysis, the 
methtryptoline is actually an unresolved shoulder on 
the side of a large interference peak. SRM eliminates 
this interference. 

Preliminary experimentsI with l-p1 injections of 
crude brain extracts (corresponding to 10 mg of 
tissue) show tryptoline levels of 50 pg/g in rat brain. 
The combination of a 20-m cross-linked methyl 
silicone capillary column with MS/MS has provided 
isomer-specific detection of the o-, m-, and p- octo- 
pamines and synephrines at the 1 ppb level. The use 
of deuterium-labelled internal standards has permit- 
ted precise ( f 5%) determination in urine and serum 
extracts.14 

These studies illustrate the potential for rapid, 
sensitive, and selective analysis of clinical and 
pharmaceutical samples. Rapid screening and 
confirmation is possible for large numbers of targeted 
compounds at the ppb-ppm level in complex mix- 
tures, with minimal sample preparation. Trace anal- 
ysis at sub-ppb levels is possible by combination of 
the sensitivity of negative CI with the selectivity of 
capillary GC/MS/MS. 

DRUG METABOLISM STUDIES 

The combination of gas chromatography with 
mass spectrometry has long been used to determine 
structures of drug metabolites. The methods gener- 
ally involve some pretreatment of the sample to free 
conjugated or protein-bound species, followed by 
extraction to separate basic, acidic and neutral com- 
ponents and endogenous interferences. Since many 
metabolites are polar molecules, derivatives may be 
employed to increase volatility, thermal stability and 

Table 3. Calculated instrumental sensitivity and limits of 
detection for tryptoline standards 

- 
Sensitivity 

Ion source efficiency (NCI) IO-’ 
Transmission (Ql/Q2/Q3) 10-Z 
CID efficiency (348--+ 179-) 10-l 
Data system sensitivity* 2 counts/ion 

Overall sensitivity 2 counts/lo6 molecules 
Limit of detection 

Blank 300 counts 
3 x blank 900 counts 

=4x 108 molecules 
=7Jo attomoles 
= 200 femtograms 
= 200 pptt (1 ~1 sample) 

*EM gain = 105. 
tSee Table I. 
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Fig. 5. Chromatograms for a crude rat-brain extract spiked with 35 ppb of methtryptoline, obtained with 
a 23-m DB-5 fused silica capillary column and negative chemical ionization. (a) Selected-ion monitoring 
for the (M-HF)- ion, m/z 362; (b) selected-reaction monitoring for the 362---t 179- fragmentation; (c) 
enlargement of SIM chromatogram in (a) in the area of the methtryptoline peak (arrow); (d) enlargement 

of the SRM chromatogram in (b). 

chromatographic compatibility. This final item is The capabilities of MS/MS make it ideally suited 
important because compounds that have dissimilar to the determination of structures of drug metabo- 
functional groups may not all be detectable under a lites. Since most metabolites retain a relatively large 
single set of chromatographic conditions. Therefore, part of the parent drug structure, it is reasonable to 
in a metabolite search in which the compounds assume that their daughter spectra will contain peaks 
sought are unknown, use of only one set of condi- corresponding to one or more of the fragment ions or 
tions may preclude the discovery of one or more neutral fragments characteristic of the pure drug. 
species, while development of multiple chro- Therefore, if an extract of urine or plasma from a 
matographic systems takes considerable time. person taking a particular drug is analysed for these 
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Fig. 6. Spectra obtained in a study of the metabolites of the 
drug primidone: (a) the positive (CH,) CI mass spectrum of 
the pure drug showing the (M + H)+ ion at m/z 219 as well 
as (M + 29)+, (M +41)+, and fragment ions; (b) the 

summed daughter spectra of six ions in (a). 

characteristic fragment ions or neutral fragments, the 
resulting spectrum should contain molecular ions 
which correspond to potential metabolites of the 
drug. To identify the compounds, complete daughter 
spectra are obtained. Because all components of a 
sample are ionized under a single set of conditions, 
there is no need to spend time developing chro- 
matographic methods or waiting for components of 
interest to be eluted. 

We have described a method that allows deter- 
mination of metabolite structure from one extract of 
urine (2 ml) or plasma (1 ml) in as little as 30 min.15 
As an example, Figs. 6 and 7 illustrate the steps 
involved in determining the metabolites of the anti- 
epileptic drug primidone. First a normal (positive or 
negative ion) CI mass spectrum of the pure drug is 
obtained, as shown in Fig. 6a. Secondly characteristic 
substructures of the drug, both daughter ions and 
neutral fragments, are identified by recording daugh- 
ter spectra of the molecular ions and major fragment 
ions in the CI mass spectrum. Figure 6b shows the 
sum of the daughter spectra of six of these ions. Next, 
for a sample of serum, urine, or tissue, all ions that 
contain the drug’s characteristic substructures are 

(0) 

Parent spectrum 

of 162 
219 

207 A-+-i 162 

190 

(b) I 
162 

Daughter spectrum 
of 207 

233 

36, 

250 

m/z 

Pure metabolite ( PEMA 1 

(cl 

Daughter spectrum 

of 207 

62 

207 

1 
200 

Fig. 7. (a) Parent spectrum of an extract of a patient’s serum 
for the m/z 162 daughter ion characteristic of primidone, 
showing (M + H)+ ions for the drug (m/z 219) and two 
metabolites (m/z 207 and m/z 233); (b) the daughter spec- 
trum of the m/z 207 ion from the serum extract; (c) the 
daughter spectrum of the m/z 207 ion from pure phenyl- 

ethylmalonamide (PEMA) for comparison with (b). 

identified by acquiring a parent spectrum for each 
selected daughter ion and a neutral fragment spec- 
trum for each selected neutral fragment. Each of the 
parent ions seen in these scans corresponds to a 
potential metabolite. Figure 7a shows one such scan, 
a parent spectrum for the characteristic 162 daughter 
ion, from an extract of serum from a patient being 
treated with the drug. The (M + H)+ ions are seen for 
the parent drug at m/z 219, and two possible metab- 
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Fig. 8. Primidone and its metabolites identified in serum by 
MS/MS. 

olites at m/z 207 and 233. In addition, the (M + 29)+ 
and (M + 41)+ ions are observed for each compound. 
Finally, a daughter spectrum corresponding to the 
molecular ion of each potential metabolite is ob- 
tained in order to determine the metabolite structure. 
The daughter spectrum of the m/z 207 ion is shown 
in Fig. 7b. It may be interpreted directly, or com- 
pared with the daughter spectrum of the authentic 
metabolite (Fig. 7c) in order to confirm the structure. 
In this case two metabolites, phenylethylamalon- 
amide and phenobarbital, are identified, as shown in 
Fig. 8. This example demonstrates the potential of 
MS/MS for rapid metabolite identification in a single 
physiological sample. 

CONCLUSION AND FUTURE TRENDS 

These studies have demonstrated that tandem mass 
spectrometry is a powerful tool for clinical and 
pharmacological studies. Rapid screening and deter- 
mination at the ppb level and below are possible, 
since the selectivity of tandem mass spectrometry 
reduces the need for high selectivity in sample 
clean-up and chromatographic separation. Further- 
more, the unique capabilities of MS/MS offer new 
analytical techniques, such as the metabolite 
identification method presented here. 

Tandem mass spectrometry is a rapidly evolving 

instrumentation. Although the first commercial 
triple-quadrupole instruments appeared barely three 
years ago, sophisticated MS/MS instruments are now 
being sold by nearly every MS manufacturer. Perhaps 
the most important advance in MS/MS instrumen- 
tation will involve those developments necessary to 
make low-cost (%50,00~150,000) instruments avail- 
able. This will make tandem mass spectrometry even 
more attractive for rapid screening, trace analysis and 
metabolite studies. 
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Summary--An account is given of ways in which drug treatment can influence the results of laboratory 
tests for certain species of clinical importance, and of methods of detecting such interferences or effects. 

When interpreting laboratory test results, clinical 
chemists and physicians meet various problems that 
are due to drug intake by the test subjects. It is now 
well known that some drugs are able to perturb 
laboratory tests in two ways.‘*2 Analytical, in which 
the drug and/or its metabolites can interfere, at any 
stage, with the assay of a constituent. In clinical 
chemistry, the term “analytical interference” can be 
reserved for this in vitro effect. Biological, in which 
the drug provokes a change in a biological constitu- 
ent by a physiological, pharmacological or tox- 
icological mechanism (in vivo effect). This aspect 
includes both the primary desirable effects and also 
the undesirable so-called “side-effects”. 

In this paper we describe recent results obtained in 
our laboratory on both analytical interference and 
the biological effects of drugs on the most commonly 
performed routine tests. 

ANALYTICAL INTERFERENCES 

The studies were performed in two steps, using the 
procedures developed by the IFCC Expert Panel on 
“Drug Effects in Clinical Chemistry”.3 The first step 
is the detection of possible analytical interference, the 
second is its determination. The methods and mater- 
ials used are listed in Table 1. The sample consists of 
one pool of sera drawn from supposedly healthy 
subjects taking no drug. This pool is lyophilized in 
25-ml vials. Before use, two vials are reconstituted 
with (a) 25ml of a solution in which the active 
principle is dissolved (this is the spiked sample) and 
(b) 25 ml of the solvent used to dissolve the drug (the 
control sample). The contents of the two vials are 
stirred for 30 min and then dispatched to the labora- 
tory and the tests performed. 

We have studied 39 active principles and the 
interference is considered as significant when the 

Table 1. Techniques used for the study of analytical interferences 

SMA II 
Albumin 
Total bilirubin 
Total calcium 
Total cholesterol 
Creatinine 
Glucose 
Alkaline phosphatase 
Phosphates 
Total proteins 
Urates 
Urea 

Bromocresol Green 
Sulohanilic acid 
Cresolphthalein 
Cholesterol-oxidase/4_aminoantipyrine 
Pi&c acid 
Glucose oxidase/peroxidase 
4Nitrophenylphosphate as substrate 
Phosphomolybdate complex 
Biuret 
Phosphotungstate 
Diacetylmonoxime 

GSA II 
Gamma-glutamyltransferase 

Triglycerides 

ROTOCHEM II 
Aspartate aminotransferase 
Alanine aminotransferase 

Gamma-L-glutamyl-3-carboxy-4nitroanilide/ 
glycylglycine 

Lipase/esterase 

Aspartate/2-oxoglutarate/pyridoxal phosphate 
Alanine/2-oxoglutarate/pyridoxal phosphate 

937 
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Table 2. Analytical interferences of 34 drugs with laboratory test results (from Gosset4) 

Maximal Interference: difference. Y 
concentrations used.* -__ 

Active principle 
-__- 

Digoxin 
Dihydroergotamine 
Clorazepate 
Glibenclamide 
Nicergoline 
Ethinyl oestradiol 
Norgestrel 
Lorazepam 
Oxazepam 
Clonidine 
Chlordiazepoxide 
Amiodarone 
Isoniazid 
Amitriptyline 

Methyldopa 

Diazepam 
Furosemide 
Phenobarbital 
Acebutolol 

Troleandomycin 
Carbamazepine 
Disopyramide 
Propranolol 
Meprobamate 
Cimetidine 
Acetaminophen 
Allopurinol 
Thiamine 
Caffeine 
Doxepin 

mM 

0.01 
0.01 
0.02 
0.02 
0.02 
0.03 
0.03 
0.03 
0.03 
0.04 
0.05 
0.07 
0.10 
0.11 

0.12 

0.17 
0.20 
0.20 
0.30 

0.30 
0.40 
0.60 
0.90 
0.92 
1.20 
1.30 
1.50 
1.50 
2.60 
4.30 

mgp: 0 5-10 1 O-20 >20 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
16 
50 
20 
30 

30 Bilirubin + 22 

50 
80 
50 

100 

200 
100 
200 
100 
200 
300 
200 
200 
500 
500 

1200 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Glucose - 6 
Bilirubin + 6 
Cholesterol - 7 
Urates +9 

0 
0 
0 

Glucose -5 

0 
Phosphates +6 
Triglycerides +9 

0 
0 

Urates +6 
0 
0 
0 

AP +9 

Creatinine + 44 
Phosphates + 17 

Theophylline 5.50 
Ascorbic acid 5.70 

1000 
1000 

1000 
3000 

Phosphates - 5 

GGT +19 
Bilirubin - 19 
Phosphates - 16 

AP -77 
Creatinine + 17 Glucose - 100 

Cholesterol -97 
Urates +85 

Valproic acid 6.00 AP +lO 
Metformin 23.00 Glucose -6 

*These concentrations correspond to 10 times the maximal therapeutic levels. 
AP = alkaline phosphatase. 

Table 3. Interferences of different concentrations of ascorbic acid, methyldopa and theophylline in laboratory tests 

Concentration, 
mM 

Ascorbic acid 
0.85 
0.55 
0.34 
0.28 
0.22 
0.17 
0.11 

Methyldopa 
0.04 
0.02 

Glucose 

- 18.0 
- 13.0 

-8.0 
-5.6 
-2.8 
-2.2 
-2.0 

Theophylline 
0.28 
0.22 
0.16 
0.11 

Cholesterol 
Effects, %, on 

Urates Creatinine 

- 11.4 +7.5 + 14.3 
-7.0 +4.5 n.d. 
n.d. +2.8 +7.2 
-4.6 n.d. +5.4 
-1.9 +1.8 +6.0 
-1.2 n.d. n.d. 
-0.2 + 1.0 +2.9 

-1.5 +4.4 +4.0 
n.d. +3.1 n.d. 

Bilirubin AP 

-15.0 
-6.4 
- 5.0 
-3.4 

n.d. = not determined. 
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results for the spiked and unspiked samples differ by 
more than 5% for chemical constituents and 10% for 
enzymes. 

The results are given in Table 2. 
Among the 39 drugs tested, 3 are insoluble in the 

solvents used, i.e., water, 0.002M sodium hydroxide, 
or water-ethanol (98 : 2-90: 10 v/v). These three drugs 
are fenofibrate, dipyridamole and glafenine, and they 
were not studied. 

Of the 36 drugs left, 23 give no interference with 
the methods assayed, and 13 of these do not interfere 
when added at a concentration of less than 0.1 mM. 
It is logical to think that the higher the drug concen- 
tration, the more likely it is to produce an inter- 
ference, and conversely, the lower the constituent 
level, the more a drug at a higher concentration can 
interfere, but we found no correlation between the 
levels of blood constituents and the concentrations at 
which drugs interfered. The other 13 active principles 
produce an analytical interference with at least one 
serum constituent when they are tested at concen- 
trations 10 times the maximal therapeutic level. 

To measure the interferences quantitatively, we 
performed a new series of tests with decreasing 
concentrations of the 13 interfering substances. At 
least two of these levels were within the therapeutic 
range. 

Only 3 drugs, ascorbic acid, methyldopa and the- 
ophylline, still produced an analytical interference 
with some constituents. The results are given as a 
function of the concentrations in Table 3. 

We found that ascorbic acid interferes with deter- 
mination of glucose, cholesterol, urates and cre- 
atinine, but the interference decreases with dose level. 
The interference of ascorbic acid in determination of 
glucose and cholesterol was expected, as these tests 
were performed by enzymatic methods involving a 

0 Cholesterol 

. urates 

. Tnglycerldes 

’ Glucose 

A Phosphollptds 

100 L . . 

I 

0 0 28 0 71 142 28 

Ascorbic ocld concentration ( n-mole / 1. 1 

Fig. I. Interference by ascorbic acid in tests (from Villatte6). 

Trinder reaction @eroxidase).5 Villatte6 has shown 
that the lack of specificity of the peroxidase reaction 
is responsible not only for these analytical inter- 
ferences with glucose and cholesterol determination 
but also with that of urates, phospholipids and 
triglycerides (Fig. 1). 

Although the risk of interference is reduced by the 
development of more specific methods, it is always 
necessary to assess the possible interference of com- 
monly used drugs in the application of new tech- 
niques, especially in measurement of very low con- 
centrations of hormones or other molecules. 
Analytical interferences are particularly important in 
measurement of urinary constituents. 

BIOLOGICAL EFFECTS 

We have studied certain drugs suspected of having 
secondary cholestatic effects, in particular some neu- 
roleptics, minor tranquillizers, anabolic steroids, anti- 
diabetics and oral contraceptives. From the biologi- 
cal tests performed at the Centre for Preventive 
Medicine, we selected those using enzymes which can 
reflect a hepatic effect, e.g., gamma-glutamyltrans- 
ferase (GGT), alkaline phosphatase (AP) and alanine 
aminotransferase (ALT). 

The “samples” were subjects who had undergone 
a health examination at the Centre for Preventive 
Medicine in Vandoeuvre-Les-Nancy (France). The 
test population comprised subjects being treated with 
at least one drug, generally on a long-term basis. The 
control population was composed of subjects match- 
ing the treated subjects in sex, age and weight, but 
taking no medication. Information concerning drug 
intake was collected by means of questionnaires filled 
up by pharmacists and nurses when blood samples 
were drawn, and was then computerized by classes, 
subclasses and trade names.4 In some cases, the 
control subjects presented the same pathological 
characteristics as the test subjects. The 50th centiles 
from the two populations were compared. The meth- 
ods used for measuring the enzymatic activites of 
GGT, ALT and AP are briefly described in Table 1. 

Table 4 summarizes the results obtained for certain 
classes of drugs. In some cases, we have differentiated 
the results according to sex. Of the 3 enzymes studied, 
GGT is the most liable to suffer interference. The 
ingestion of drugs does not systematically increase 
the enzyme activities, and some medications are able 
to decrease plasma enzymes. 

The procedure described is sometimes not appro- 
priate. The example of antihypertensive agents is 
interesting. In this case, it is impossible to compare 
the treated subjects with supposedly healthy people to 
detect the effect of drug intake. Instead it is necessary 
to compare the results obtained for the treated pop- 
ulation with those for hypertensive non-treated sub- 
jects. The results of such a study are presented in 
Table 5. 
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Table 4. Effect of long-term drug intake on plasma enzyme activities (per cent difference, calculated on 50th centi!es and 
referred to control values) 

GGT ALT AP 

M+F M F M+F M F M F 

Analgesics’ 
Antianginals’ 
Anticoagulants’ 
Anticonvulsants 

Phenobarbital 
Phenobarbital + phenytoin 

Antidiabetic’ 
Anti-gout 
Anti-inflammatory agents4 

Diclofenac 
Indomethacine 
Oxyphenbutazone 

Neurolepticsf.’ 
Imipramine 

Oral contraceptives’O,” 
Normo 
Mini-diphasic 
Mini-monophasic 

Oral contraceptives + imipramine’ 
Tranquilizers 

Chlordiazepoxide 
Clorazepate 
Diazepam 

Vasoconstrictor agents’ 
Vasodilator agents’ 

i 
-16 

+ 200 
+100 
+ 245 

+21 
+21 

0 
0 
0 

+38 
+14 

+2 
0 

-4 

+1 0 +3 
+41 -3 +12 

0 +1 0 
+220 f72 +36 

-5 
f19 

0 +7 +11 
0 c7 0 

0 
0 
0 

+59 +4 
+32 +32 
+29 0 
+20 +5 
+25 0 

+140 -16 
+15 -3 +10 

0 
-10 

+3 -2 
-2 -2 +8 

+2 +9 
-5 +10 

0 +40 
+24 +70 

-5 
-1 

-4 

-12 
i-5 
+2 

+20 
0 

-10 
-11 
-9 
-9 

0 

-11 

+5 
+10 

M + F: total population (males + females), M: males, F: females. 

The ALT and AP activities do not show large 
variations after antihypertensive treatments. In con- 
trast, plasma GGT is affected by each drug to an 
extent varying between -40 and - 80%. On the basis 
of these results, the GGT activity is proposed as a 
useful test for monitoring antihypertensive drug ther- 
apy.” 

Most of the variations described above are im- 
portant and indisputable. However, in certain cases 
the effects of drugs are less clear, and comparison 
with a control population is not easy. For example, 
we have examined the effect of 2 hypolipidemic drugs, 
viz. fenofibrate and clofibrate, on GGT, ALT and AP 
activities. 

The 50th centile of a population undergoing treat- 
ment was compared with that of a presumably 
healthy untreated control group (Table 6). Subjects 
were paired according to sex, age and weight. We also 
compared these centiles with those of a sample 
population in a “reference state”, consisting of 20-30 
year old subjects, taking no drugs and with none 
overweight. 

Comparison of the results for the fenofibrate- 
treated patients with those for the controls, shows a 
decrease in the GGT and AP activities for the 50th 
centiles. For the clofibrate-treated patients this 
decrease is even bigger. For ALT, the effect is 
dependent on sex. In men fenofibrate produces a 
slight decrease, but clofibrate has no effect. On the 
contrary, in women the ALT activity increases after 
either treatment. 

In contrast, if the results are compared with those 
for the reference state, the GGT activity increases in 
males and females treated with fenofibrate. No 
significant modification occurs with clofibrate. The 
ALT activity seems to be very much increased by the 

Table 5. Effect of antihypertensive agents on plasma enzyme 
activities (per cent difference, calculated on 50th centile, 

referred to untreated subjects)‘* 

GGT ALT AP 
Antihypertensive 

agent MFMFMF 

Guanoxan -47 -73 -15 -11 -I -13 
Methyldopa -51 -75 +7 +3 
Atenolol -39 -80 +1 +13 
Bendroflumethiazide 
+ reserpine -50 -63 -3 -19 -31 -19 

Table 6. Variation of plasma enzyme activities after 
fenofibrate and clofibrate treatment (percentages of vari- 

ation calculated in centile 50)‘3,‘4 

GGT ALT AP 

Drug T/C T/RS T/C T/RS T/C T/RS 

Fenofibrate 
Males -5 +49 -10 +44 -18 -30 
Females -25 f37 +25 f92 -18 -12 

Clofibrate 
Males -31 +10 0 +33 -20 -32 
Females -45 0 +21 +76 -28 -16 

T = treated; C = control; RS = reference state. 
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treatment, and the AP activity is decreased. This 
example illustrates the difficulties in interpretation, 
particularly when the dispersion of the control distri- 
t&on is large. These results could be due to inclu- 
sion of overweight individuals in the control group, 
or to age. 
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Summary-A new and highly sensitive spectrophotometric method has been developed for the deter- 
mination of micro amounts of uranium by a molybdenum blue method. The method is based on the 
observation that at low acidities uranium(W) reduces ammonium molybdate to molybdenum blue, the 
absorbance of which is proportional to the amount of uranium present. The variables affecting 
development of the colour have been investigated and the conditions optimized. Beer’s law is found to 
hold good for uranium concentrations between 1 and 20 ppm, with a precision of 2%. The effect of diverse 
ions has been studied. The method is useful for the determination of uranium present as an impurity (down 
to 0.1%) in plutonium, neptunium or thorium. 

Several methods are available for the determination 
of micro amounts of uranium. These include spec- 
trophotometric methodsI which involve the for- 
mation of highly sensitive coloured complexes. 
Fission-track registration5,6 has also been used for the 
determination of micro quantities of uranium in 
various matrices. In all these methods plutonium 

interferes, if present, and a preliminary separation is 
needed. The present paper describes a spec- 
trophotometric method for the determination of ura- 
nium at micro level, valid in the presence of plu- 
tonium, neptunium or thorium, by formation of 
molybdenum blue. The results of preliminary in- 
vestigations were reported earlier.’ 

It has long been known that heteropolymolybdates 
of As, P, Si etc., on reduction produce a blue colour 
which can be used either to determine the central 
atom incorporated in the complex or to determine the 
amount of reductant.’ The blue colour is also re- 
ported to be developed when an acidified solution of 
molybdate is reduced by mild reducing agents.9 It was 

thought of interest to see whether U(IV) [E” = 0.33 V 
for the U(VI)/U(IV) couple] could be used to reduce 
either the heteropolymolybdates of As, P, Si etc. or 
ammonium molybdate to form a blue colour. At- 
tempts to reduce the heteropoly compounds did not 
yield the desired results, but U(IV) was found to 
reduce ammonium molybdate to a molybdenum blue 
at low acidities. The variables affecting development 
of the blue colour have therefore been investigated 
and the conditions optimized. The effect of diverse 
ions has been studied and is discussed. 

Reagents 

EXPERIMENTAL 

AlI reagents used were of analytical-reagent grade. 
Ammonium molybdate solution, 10%. Prepared in doubly 

distilled water and allowed to stand for 3 hr for complete 
dissolution. 

Sulphuric acid. A 2M stock solution was prepared in 
doubly distilled water and used for controlling the acidity. 

Ti(lI1) solution. Titanium sponge was dissolved in 2M 
sulphuric acid and the saturated solution obtained was 
filtered and used as the reductant. 

Preparation of pure uranium solution. Nuclear-purity UO, 
was dissolved in 8M nitric acid and converted into sulphate 
form by repeated evaporation with 4M sulphuric acid and 
finally transferred with 1 M sulphuric acid to a dry weighed 
flask, which was then weighed again. The uranium content 
in the stock solution was determined by the Davies and 
Gray method.” 

Uranium in the stock solution was reduced to U(W) with 
Ti(III) in a medium consisting of a mixture of sulphuric 
acid, sulphamic acid and nitric acid. 

Preparation of pure plutonium solution. Plutonium(W) 
oxalate was converted into the oxide by heating in a 
platinum boat at 900”. The absence of impurities such as 
vanadium and iron was checked by emission spectrography. 
The oxide was dissolved in concentrated nitric acid contain- 
ing 0.05 mole of hydrofluoric acid per litre, in a platinum 
dish. The solution was evaporated to dryness, then the 
residue was taken up in concentrated nitric acid; this step 
was repeated twice more to ensure complete removal of 
hydrolluoric acid. The solution was then repeatedly evapo- 
rated with 4M sulphuric acid to convert the plutonium into 
sulphate form and finally transferred with 1 M sulphuric acid 
to a dry weighed flask, which was then weighed again. The 
plutonium content of this stock solution was determined by 
the Drummond and Grant method.” Absence of uranium 
in the stock solution was ascertained by the present method. 

All spectra were recorded on a Cary model 14 spec- 
trophotometer, with I-cm quartz cells. For studying the 
effect of diverse ions, temperature and time, the absorbance 
measurements were made with a Brinkman DC 800 probe 
calorimeter, with appropriate filters. 

Procedure 

Take the solution containing uranium in a 25-ml standard 
flask for reduction. Add 0.5 ml of a reaction mixture 
consisting of sulphamic acid (0.25M), nitric acid (1M) and 
sulphuric acid (0.5M), followed by the titanium(W) solu- 
tion until its coiour persists. The dxcess of titanium@) is 
slowly oxidized to titanium(W) by the nitric acid present, 
and the titanium(IV) does not absorb in the wavelength 
span of interest. Add 5 ml of 2M sulphuric acid, N 10 ml of 
distilled water and 7.5 ml of 10% ammonium molybdate 
solution, and then make up to volume with distilled water, 
giving a final acidity of 0.4M sulphuric acid and an ammo- 
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nium molybdate concentration of 3%. After 20 min, mea- 
sure the absorbance at 600nm in a l-cm cell against a 
reagent blank. Prepare a calibration graph in a similar way. 

RESULTS AND DISCUSSION 

It was observed that when U(N) is added to an 
acidified ammonium molybdate solution, a blue col- 
our is produced, the intensity of which varies with the 
amount of U(N) added. The absorption spectrum of 
this blue solution is dependent on the acidity and on 
the amount of ammonium molybdate present. A 
systematic study was therefore made, to optimize the 
conditions. 

Influence of acidity and selection of wavelength 

Figure 1 shows the change in the spectrum with 
acidity. At low acidity, i.e., 0.02-O. IM sulphuric acid, 
A,,,,, is between 820 and 800 nm, then gradually shifts 
to 600 nm at an acidity of - 0.18M sulphuric acid. At 
acidities between 0.18 and 0.5M sulphuric acid, A,,,,, 
remains fairly constant at 600 nm but the absorbance 
decreases at higher acidities. At sulphuric acid con- 
centrations > 0.5M, the blue colour changes to green. 
Beer’s law is obeyed at A,,, at all acidities in the range 
0.02-0.5M. The molar absorptivities at 0.04, 0.2 and 
0.4M sulphuric acid concentration have been calcu- 
lated for 820, 660 and 600 nm for comparison, and 
are shown in Table 1. The molar absorptivity is 
highest at 820 nm but the dependence of I,,,,, on 
acidity is very critical, making this wavelength unsuit- 
able for quantitative work. An acidity range of 
0.2-0.4M is optimal but an acidity of 0.4M sulphuric 

1.0 

0.9 

0.9 

0.7 

0.6 

8 
5 
n 0.5 

5 

z 0.4 

0.3 

0.2 

0.1 

0.0 

U(W) ‘v 10ppm A.M.= 3Y. 

Acidity (x MH,SO,l 

(11 0.02 
(2) 0.04 
(3) 0.06 
(4) 0.06 
15) 0.10 
(6) 0.14 
(7) 0.18 
(6) 0.22 
(9) 0.24 
(IO) 0.40 

Table 1. Molar absorptivities at different acidities and 
wavelengths (measurement after 20 mm colour devel- 

opment) 

Molar absorptivity, 
IO4 I.mole~‘.cm-’ 

x 0.04M 0.20M 0.40M 

600 0.7 1.3 1.2 
660 1.1 1.1 1.1 
820 2.0 0.7 0.7 

acid is preferred, at the cost of sensitivity, as the 
tolerance limit for various ions is then higher and 
there is no precipitation. When the acidity is not 
accurately known, the absorbance measurements 
should be made at 660 nm. 

Effect of ammonium molybdate concentration 

Figure 2 shows the change in the spectrum with 

variation in molybdate concentration. At lower con- 
centrations, i.e., from 1.8 to 2.2%, A,,, is at - 700 nm, 
and gradually shifts to 600 nm with increasing con- 
centration of molybdate up to 2.8%. Though the 
absorbance at 600 nm increases with increasing 
molybdate concentration, high concentrations cause 
precipitation on standing. A concentration of 3% is 
therefore recommended. 

Influence of sequence of addition of reagents, time and 

temperature 

The order of addition of the reagents is immaterial. 

To study the effect of time and temperature, two 

400 500 600 700 600 900 1000 

Wavelength (nm 1 

Fig. 1. Change in absorption spectrum of MO blue with acidity (A.M. = ammonium molybdate) 
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Fig. 2. Change in absorption spectrum of MO blue with ammonium molybdate (A.M.) concentration. 

solutions were prepared, containing about 12 ppm of 
U(IV) and 3% ammonium molybdate in (A) 0.04M 
and (B) 0.4M sulphuric acid, and the absorbance was 
measured as a function of time (Fig. 3). Maximal 
absorbance is attained after -20 min, and remains 
constant for N 12 hr. These solutions were also 
heated after constant absorbance had been reached 
(Fig. 4). No appreciable change in absorbance was 
observed until a temperature of 35” was reached. At 
higher temperatures the absorbance of solution (A) 
increased whereas that of solution (B) decreased. At 
above 70” the blue colour changed into green. 

s c 0.6 

x 
curve B 

$ 0.5 

Q 
0.4 

0.3 

0.2 Curve A A= 630nm 0.04M ii2 SO4 , 3% A.M. 

0.1 curve 6 x = 6OOnm 0.4M l+SOq, 3X A.M. 

I I I I I I^ I I 
0.0 10 20 30 40 50 60 120 160 

Time (min) 

Fig. 3. Time dependence of absorbance. 

Beer’s law, sensitivity and precision 

Beer’s law was obeyed at all acidities from 0.04 to 
OSM sulphuric acid and at 820, 660 and 600 nm. The 
precision of the method was determined with 10 
aliquots of an 898+g/g stock solution of U(IV); the 
mean found was 911 pg/g, with a relative standard 
deviation of + 1.6%. 

Determination in presence of plutonium 

Since the method is suitable for determination of 
uranium in the ppm range, it was of interest to see 
whether it could be exploited for the determination of 
uranium as an impurity in plutonium samples. Syn- 
thetic mixtures of U and Pu were prepared, and 
analysed for uranium by the procedure described. 
Identical amounts of uranium were taken in separate 
flasks and the colour developed. Comparison of the 
absorbances of the two sets showed that plutonium 
does not interfere. In principle, as little as 5 pg of 
uranium can be determined in the presence of 
25OOpg of plutonium per 25 ml of solution, but 
larger amounts of plutonium cause precipitation. 

Eflect of diverse ions 

A known amount of potentially intefering ion was 
added to a known amount of uranium, the blue 
colour was developed by the procedure described and 
the absorbance compared with that of a pure ura- 
nium solution. A change of 3%, twice the relative 
standard deviation, in the absorbance was taken as 
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0.2 Curve A X =830nm 0.04M HP SO,, 
3% A.M. 

0.1 Curve B A =600nm 0.4M H2S04, 3X A.M 

0.01 I I I I I I I I 
20 30 40 50 60 70 80 90 100 

Temperature PC) 

Fig. 4. Temperature dependence of absorbance. 

the tolerance limit. Table 2 lists the ions that cause 
interference. The most serious interference was 
caused by Ru, Ta, Te, Se, Si, As, Ce, V, Fe, PO:- 
and F-. A few cations, e.g., Pb, Ba, Sr, Ca, were 
precipitated as the sulphates. Palladium(I1) was re- 
duced to the metal and precipitated, but the blue 
colour could still be produced, though with reduced 
intensity. Vanadium and iron interfere quantitatively 

by forming blue solutions themselves; their lower 
oxidation states [v(III), Fe(II)] are capable of re- 
ducing isopolymolybdates to molybdenum blue. 
Thorium, plutonium and neptunium up to 100 pg/ml 
did not interfere, but higher concentrations resulted 
in precipitation. Alkali metals and most of the rare- 
earth metals did not interfere. Anions such as SCN-, 
NO;, Cl-, ClO;, CH,COO-, C@-, NH,SO, did 
not interfere. 
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Table 2. Interference studies* (absorbance at 600 nm = 0.86 for [U] = 200 pg/25 ml) 

Concentration, Absorbance Error, 
Ion Added as pgl25ml at 600nm “/, 

Ba’+, Ca*+, Sr*+ Nitrates 1000 pptn 
voz+ Sulphate 200 forms MO blue 
Ta5+ Chloride 500 0.383 -55 

Fe2+ Sulphate 200 forms MO blue 
co2+ Nitrate 1000 0.916 + 6.5 
Ni’+ Chloride 1000 0.940 +9.3 
Ru’+ Chloride 500 0.49 -43.0 

Pd’+ Chloride 500 pptn 
pt4+ Chloride 500 0.690 - 19.7 
cl?+ Chloride 1000 0.820 -4.7 
Ag+ Nitrate 1000 0.801 -6.9 
Zn2+ Acetate 1000 0.904 +5.1 
Ga*+ Chloride 500 0.725 - 15.7 
SiO:- Sodium silicate 500 0.628 -27.0 
Ge4+ Chloride 500 0.921 +7.1 

Sr?+ Chloride 500 forms MO blue 

Pb’+ Acetate 1000 pptn 
2: Phosphate Chloride 500 - 0.616 masks blue -2.8 colour 

Ce4+ Ceric ammonium 1000 0.655 23.8 

nitrate 
F- Sodium fluoride 100 masks blue colour 

*All interference studies were made in presence of uranium. 
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Summary-The general program ABLET is a system of subprograms for non-linear regression analysis 
of experimental data to find an appropriate model. The structure of ABLET provides a suitable 
organizational framework in which just two specific subroutines have to be supplied by the user. The 
resulting program can estimate non-linear model parameters with their standard deviations, test the 
agreement between experimental data and a mathematical model, test the accuracy and reliability of the 
parameters found, and simulate synthetic data for preselected parametric values. Heuristic, and/or 
algorithmic minimization strategies aid examination of the local and overall minima. The method of 
construction of the program for a particular system is discussed. 

The original LETAGROP VRID of Sill&n and Ingri’,2 
has been rewritten in the form of the subroutine 
LETAG in autocode MOST F 13 for the ODRA 
1013 computer,3 in Fortran for the Hewlett-Packard 
2116B,“ and in Fortran IV for the EC 1040 or EC 
1033 computers.’ Various programs”” have been 
based on LETAG and applied to studies of pro- 
tonation and complex-formation equilibria and de- 
termination of stability constants.7,‘“27 

More than ten years of experience with the use of 
LETAG, and critical comparison with other up-to- 
date minimization algorithms, have led to the im- 
proved version, ABLET, and revision of all our 
previous programs based on it. Adaptation of the 
ABLET system to a particular equilibrium problem 
is now much easier. The ABLET system also makes 
a statistical test of the reliability of the estimated 
parameters, plots a curve-fitting graph by a printer 
routine, and provides three minimization strategies 
for finding not only the global minimum but also any 
selected one. Minimization may be done algo- 
rithmically or by trial-and-error or by a combination 
of the two. 

The seven programs of the ABLET family28,29 are 
(1) DHLET for determination of thermodynamic 
dissociation constants and parameters of the ex- 
tended Debye-Hlckel equation, (2) DCLET for de- 
termination of dissociation constants and molar ab- 
sorptivities,30 (3) NCLET for determination of 
stability constants from competitive titration equi- 
libria,” (4) MRLET for determination of ligand 
purity and the stability constant of a predominant 

Part IV-Talanta 1979, 26, 569. 

complex from mole-ratio data,3’ (5) SPLET for deter- 
mination of stability constants and parameters of a 
chemical model from absorbance data,28 (6) EXLET 
for analysis of extraction/photometric data,28 and (7) 
POLET for determination of stability constants and 
complex stoichiometry from potentiometric ti- 
tration.28 

The ABLET system allows the minimization sub- 
routine to be changed from LETAG to another 
subroutine from the library. 

THEORY 

Modus operandi of the ABLET system 

In studies of chemical equilibria it is often neces- 
sary to fit a functionf(x; /?) to a set of experimental 
data. Unknown parameters are estimated by mini- 
mizing the difference between the experimental and 
calculated data: 

U = i wi(yexp,i - Y~&,=,,)~ = minimum (1) 
i=l 

where w, represents the statistical weight, Y,,,~ is 
a single observation made for Xi, and 
Y,,,~.; =f(x,; p,, p2, . . , /3,) is the functional re- 
lationship assumed to exist. Each observed yi for a 
given xi is related to the calculated value of y, by the 
equation y, =1; + ci where ci represents a random 
error. Random (or observational) errors are assumed 
to follow a Gaussian (normal) distribution expressed 
as 

(2) 

947 
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where s*(y) is the variance of y. Theoretically, the 
assumption that the model giving minimum U is the 
best fit is justified only if (i) the correct form of the 
equation for ycalc is known and used, (ii) there are no 
errors other than random errors in y, (iii) the random 
errors in y have a Gaussian distribution, and (iv) W, 
is an exact indication of the inherent accuracy of yi. 
None of these conditions is usually strictly fulfilled, 
but U = minimum is still widely used as a criterion 
because there is no better alternative. 

A computer program for analysing data from 
equilibrium studies may usefully be constructed from 
logical units, each consisting of one or more sub- 
routines. The division of the program into logical 
units aids the understanding of the functional struc- 
ture of the whole program, Fig. 1. 

The MASTER unit contains the main part of the 
program. The INPUT unit reads and checks data, 
and makes some preliminary calculations. The 
RESIDUAL-SQUARE SUM unit formulates the 
sum of squared residuals, i.e., the squares of the 
differences between experimental and calculated val- 
ues of the dependent variable. The relevant mathe- 
matical model in the form of an explicit or implicit 
functional relationship must be available. 

Example. The dissociation equilibrium of 
HL?, HL’+L’-’ + H+, is characterized by the 
thermodynamic (activity) dissociation constant 
KT = uHuL/uHL. The dependence of the mixed dis- 
sociation constant K, = uH [L]/[HL] on ionic strength, 
assuming that both ions HL’ and I,-’ have roughly 

the same ion-size parameter d (lOmio m) and that 
the overall salting-out coefficient is given by 

C = C,, - C,, is expressed by the Debye-Hiickel 
equation in the form 

pK, = pK: - A1”*(1 - 2z)/(l + BW*) + CI (3) 

where 

A =0.5112mole-“*.l”*.K3’* 

and 

B = 0.3291 mole-‘/2.m-‘.l’/2.K’/2. 10” 

for aqueous solutions and 25”. The mixed dis- 
sociation constant pK, represents a dependent vari- 
able and the ionic strength I is taken as the indepen- 
dent variable, because it can be adjusted precisely SO 

that its random error is less than that of the de- 
pendent variable pK,. The three unknown parameters 
pKz, 6 and C are to be estimated by minimization of 

u: 

u = i w,(pK,,,,, - ~K.ca,c.r)~ 
r=l 

(4) 

The program used is DHLET.’ 
The MINIMIZATION unit contains the least- 

squares curve-fitting algorithm LETAG3-j which esti- 
mates unknown parameters by the minimization of 
a residual-square sum function. LETAG is based 
on the approach developed by Sillen and Ingri’,2 
which approximates the residual-square sum as a 
possible or proposed. The statistical analysis of re- 

RESIDUAL-SQUARE SUM INPUT 
STATISTICAL TESTS 

(SUBROUTINE UBBE) (SUBROUTINE DATA) 

b 

ERROR ANALYSIS * - DATA SIMULATION 

ADDITIONAL SUBROUTINES 

Fig. 1. The functional units of the general ABLET program. The three units to be written by the user 
are SUBROUTINE UBBE, SUBROUTINE DATA, MAIN PROGRAM. The rest of the ABLET system 

is identical for 211 programs. 
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Table I. Shortened form of LETAG minimization process for input data listed in Table 3 

DHLET PROGRAM 
DHLET: SIMULATED DATA SET 

xxxxxx RURIK = 7 xxxxxx LASK (INITIAL GUESS): 
NUMBER OF ESTIMATED PARAMETERS = 3 
NUMBER OF POSITIVE PARAMETERS = 3 
NUMBER OF TWIST MATRIX ELEMENTS = 0 
INITIAL GUESS OF THE FIRST PARAMETER (PKT) = 4.9 

THE SECOND PARAMETER (A) = 5.0 
THE THIRD PARAMETER (C) = 0.15 

xxxxxx RURIK = 3 xxxxxx STEG (STEP OF PARAMETERS): 
1 0.12 2 0.45 3 0.15 

xxxxxx RURIK = 2 xxxxxx UTTAG (RESIDUAL-SQUARE SUM): 
U = 7.672158-01 4.90000 5.00000 0.15000 

xxxxxx RURIK = 5 xxxxxx SKOTT (SHOT): 
U = 7.67215E-01 4.90000 5.00000 0.15000 
U = 3.16076E-01 5.02000 5.00000 0.15000 
U = 1.79436E 00 4.78000 5.00000 0.15000 
U = 6.36359E-01 4.90000 5.45000 0.15000 
U = 9.31824E-01 4.90000 4.55000 0.15000 
U = 1.38683E-01 4.90000 5.00000 0.30000 
U = 2.35673E 00 4.90000 5.00000 0.00000 
U = 2.46029E-01 5.02000 5.45000 0.15000 
U = 3.62017E-02 5.02000 5.00000 0.30000 
U = l.l4367E-01 4.90000 5.45000 0.30000 

MINUSGROP (MINUS PIT) 
KBOM (PARAMETERS) NUMBER VALUE DARRI DARRZ 

1 4.98758E 00 - 1 .OOOOO - 1 .ooOOo 
2 5.17657E 00 - 1 .oOOoo - I .OOOOo 
3 2.76862E-01 - 1 .oOOoo - 1 .ooOOo 

PROVA (TESTING) 

U = 1.859208-03 4.98758E 00 5.176578 00 2.76862E-01 

I ITERATION U = 1.859208-03 4.98758E 00 5.37657E 00 2.76862E-01 

2 ITERATION U = 1.559348-03 4.99138E 00 5.04157E 00 2.76862E-01 

3 ITERATION U = 3.07154E-04 4.9959OE 00 4.55719E 00 2.98522E-01 

4 ITERATION U = 3.03922E-04 4.99606E 00 4.55890E 00 2.98029E-01 

5 ITERATION U = 3.03919E-04 4.99605E 00 4.55925E 00 2.98007E-01 

6 ITERATION U = 3.03919E-04 4.99605E 00 4.55925E 00 2.98007E-01 

second-degree surface of an elliptical paraboloid for 
one of the two parameters (i.e., m = 2) in 
(m + 1) = 3-dimensional space. For more parameters 
than two (m > 2), it deals with a hyperparaboloid in 
(m + I)-dimensional space. 

Table 1 gives an example of a DHLET output 
which estimates three parameters, pKz, d and C [from 
20 data points (pKa, I)] from Table 2. Key 7 calls the 
block LASK, which reads the initial guessed values 
for the parameters. Key 3 calls block STEG which 
reads the size of the initial minimization steps. Key 
2 calls block UTTAG which calculates the residual- 
square sum function for an actual parameter value. 
Then a systematic search of parameters by block 
LETA, called by key 5, begins. 

The minimization process starts with a “central” 
set B’, equal to initial guessed values for the parame- 
ters, supplied by the user, and calculates U for p’, and 
for sets where one or two elements in $= have been 
changed by steps hi. In the heuristic (trial-and-error) 
strategy, these steps are always supplied by the user, 
but in the algorithmic strategy they are supplied by 
the user only for the first iteration; for subsequent 
iterations they are calculated by the program. 

From the U values for (m + l)(m + 2)/2 system- 

atically chosen points, the coefficients of the equation 
for a second-degree surface through these points are 
calculated, and hence the position /?,, of the minimum 
on that surface. For brevity, the procedure described 
so far will be referred to as a “shot”. The p0 obtained 
from the first shot may be used as the central value 
for the next shot, and so on. The co-ordinates of the 
pit, the lowest point of function U, are computed 
from the coefficients of the equations describing the 
approximate surface. 

This pit-mapping method can also be employed 
when the parameters are inhomogeneous (e.g., sta- 
bility constants, molar absorptivities, concentrations, 
etc.). The U surface is very often distorted and not 
symmetrical. With such a cleft-like surface (a “skew 
pit”), or if there is a high degree of correlation 
between the /3! parameters, difficulties arise in the 
calculations. When the steps chosen are too large and 
the pit is deep and skew, the points are high up on 
the wall of the “cleft”, and terms of third and higher 
degree become important. On the other hand, if the 
steps are too small, rounding errors in the computer 
can cause rounding errors in the calculation of a,. 
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Table 2. Shortened form of the last part of the output from DHLET, printed after 
termination of the minimization process from Table 1 

7 ITERATION U = 3.039198-04 4.99605B 00 4.55925E 00 2.98007E-01 

xxxxxx SKRIK (OUTPUT) xxxxxx 
PARAMETERS AND THEIR STANDARD DEVIATIONS: 
FIRST (PKT): 4.99605 +0.00112 
SECOND (A): 4.55925 F_ 0.03784 
THIRD (C): 0.29801 +0.00212 

I I(EXP) PK(EXP) PK(CALC) RESIDUAL 
1 0.0100 4.8646 4.8656 -0.0010 
2 0.0400 4.7752 4.7719 0.0033 
3 0.0900 4.7019 4.7054 - 0.0035 
4 0.1600 4.6661 4.6602 0.0059 
5 0.2500 4.6407 4.6322 0.0085 
6 0.3600 4.6145 4.6188 - 0.0043 
7 0.4900 4.6084 4.6182 - 0.0098 
8 0.6400 4.63 18 4.6289 0.0029 
9 0.8100 4.6484 4.6499 -0.0015 

10 1 .oooo 4.6726 4.6804 -0.0078 
11 1.2100 4.7179 4.7198 -0.0019 
12 1.4400 4.7769 4.7677 0.0093 
13 1.6900 4.8213 4.8236 -0.0023 
14 1.9600 4.8896 4.8873 0.0023 
15 2.2500 4.9522 4.9585 - 0.0063 
16 2.5600 5.0424 5.0370 0.0054 
17 2.8900 5.1242 5.1226 0.0015 
18 3.2400 5.2178 5.2152 0.0026 
19 3.6100 5.3129 5.3147 -0.0019 
20 4.0000 5.4196 5.4210 -0.0014 

STATISTICAL ANALYSIS OF RESIDUALS: 
RESIDUAL MEAN = 1.52E-06 
MEAN RESIDUAL = 0.0041 
STANDARD DEVIATION = 0.0050 
SKEWNESS = 0.022 
KURTOSIS = 2.390 
PEARSON CHI SQUARE = 3.20 and SHOULD BE 12.60 

(FOR 6 D.F. AND 0.95 PROBABILITY LEVEL) 
R-FACTOR = 0.00103 

The values of parameters are varied along the main 

axis of the pit instead of parallel to the original 

co-ordinate axes, in the second and subsequent 
refinement cycles. 

For equilibrium constants and certain other types 
of parameters such as concentrations, a negative 
value has no physical meaning. LETAG’ contains a 
number of safeguards to prevent such parameters 
from becoming negative during a shot, and at the 
same time to check that the calculation is not carried 
too far from the minimum. 

If the calculated minimum B’, gives negative values 
for such parameters, they are set equal to zero, and 
the computer searches for the minimum of the “re- 
duced pit”. The block performing this operation, 
MIKO, searches the calculated second-degree surface 
systematically for the set @that gives the lowest value 
for U while no member of 6 is negative. 

MIKO can also be used to find the set /? that gives 
the lowest CJ value, subject to the restriction that each 
member /Ii should have a value of either zero or not 
less than its standard deviation s (pi) multiplied by a 
selected factor F,. 

The ERROR ANALYSIS unit calculates the stan- 
dard deviations of the estimated parameters and 

dependent variable. LETAG’ is used for calculating 
the residual-square sum function for the pit found, 

u ml”, and the standard deviation of y, s (y), which is 
denoted by SIGY in the output in Table 1 and is the 
square root of Umi,,, divided by the square root of the 
number of degrees of freedom [(n - m) where n is the 
number of data points and m the number of para- 
meters]: 

s(Y)=&X=?. (5) 

For defining the standard deviations s (/I,) of the 
parameters, the term “D-boundary” was introduced 
by Sillen’,2. It is the curve or supercurve on which 
U = U,,,i, + s2(y). The “D-boundary” is sometimes 
called the U contour. The standard deviation of each 
parameter s(/$) has a parabolic distribution and is 
calculated as the maximum difference between the 
value for /I, at any point on the “D-boundary” and 
the value for p, at the minimum, 

s(B,)=D,=[(BI,-Bo),],,,. In theoutput ofTable 1, 
s(fi,) is printed under the heading DARR2 if it is 
available in the minimization process, otherwise 
- 1.0 is printed. 

The STATISTICAL TESTS unit identifies the 
“best” model when more than one hypothesis is 
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siduals involves examination of the differences be- 
tween the experimental and calculated values of the 
dependent variable, ri = yexp,i - y,,,,,,. The assump- 
tions necessary for the least-squares treatment have 
already been mentioned. If the model represents the 
data adequately, the residuals should possess charac- 
teristics that satisfy or at least do not contradict the 
basic assumptions: thus the residuals should be ran- 
domly distributed about y,,,,. Systematic departures 
from randomness indicate that the model is not 
satisfactory. The examination of plots of the residuals 
us. x may assist numerical and/or graphical aids in the 
analysis of residuals. A study of the signs of the 
residuals (+ or -) and sums of signs can also be 
used. 

For the analysis of residuals, graphical 

presentation is extremely helpful for the following 
tests: (i) detection of an outlier (an extreme residual), 
(ii) detection of a trend in the residuals, (iii) detection 
of sign changes, (iv) detection of an abrupt shift level 
of the experiment, (u) examination of residuals for 
normal distribution. A relative frequency plot should 
give approximately the familiar bell-shaped curve 
about a mean of zero. 

For a more objective statistical analysis,32 the set of 
residuals can be described by its four moments (cJ 
Table 2) and may be used for hypothesis testing. 

(i) The first moment is the arithmetic mean of 
residuals m, , = f, which should be equal to zero. 

(ii) The second moment is the variance 

and its square root is the standard deviation, which 
should have a value similar to the experimental error 

in the dependent variable y, s,,,,(y). The same rule is 
applied to the mean of the residuals which is calcu- 
lated as the arithmetic mean of the absolute values of 

the residuals. 
(iii) The third moment, the coefficient of symmetry 

(skewness) gives information about the symmetry of 
the residual distribution curve; 

m,,, = i (ri - ?)3/nm~!: 
i= 1 

is equal to zero for a Gaussian distribution. 
(iv) The fourth moment, the coefficient of kurtosis, 

characterizes the “peakedness” of the residual distri- 
bution curve and is defined by 

mr,4 = ,$, (r, - Q4/n4. 

For a normal Gaussian shape it has the value 3. 
(0) A goodness-of-fit statistic x2 (Pearson test) is 

derived from the difference between the observed and 
calculated probability distribution. The residuals may 
be divided into eight classes, each of which should 
contain 12.5% of all residuals. These classes are 
defined by the limits --co, -l.lSs, -0.675s, 

-0.319~, 0.0, 0.319~, 0.675s, 1.15s, +co. Since the 
residuals standard deviation s is calculated from the 
residuals themselves, the total xL has 6 degrees of 
freedom. A fit can be accepted at the appropriate 
confidence level if the experimental value x2 is less 
than the value expected. 

(vi) The Hamilton R-factor is defined by the 

expression 

This value is compared with the limiting value R,,, 
calculated by saying r, = yexp,; - ycrlc,i is the residual in 
the ith equation calculated from pessimistic estimates 
of the errors in all experimental quantities, by using 
the error-propagation rules. To test alternative hy- 
potheses, the R-factor ratio test can be applied. If, for 
example, a particular hypothesis Ho gives an R-factor 
of R, and an alternative hypothesis H, gives the value 
R,, then H, can be rejected at the a-significance level 

if Ri I% > R,,, - m,ol where m is the number of para- 
meters that have been refined and (n -m) is the 
number of degrees of freedom of the least-squares 
adjustment. The value of R,,,_,,,, is found from 
statistical tables.” 

Table 2 gives an example of a goodness-of-fit test 
for the data from Table 3 and the minimization 
process of Table 1. 

The DATA SIMULATION unit calculates a simu- 
lated curve by the addition of generated random 
errors to the calculated precise curve. To test the 
reliability of a written program and the validity of the 
parameters estimated from a given type of experi- 
mental curve, simulated data are often used initially. 

The user supplies values for the parameters, their 
standard deviations if available, the values of para- 
metric weights if the conditioning of a particular 
parameter in the model is bad, and the values of the 
standard deviation of the dependent variable s,,,~ ( y), 
denoted by SINST. A set of n values of the indepen- 
dent variable x should also be given. The program 
then calculates precise values of “theoretical points” 

along the exact curve y =f(x; /I,, p2, . , /I,). Each 
theoretical point is then converted into a simulated 
“experimental” one by the addition of a Gaussian 

error generated by a random-number generator. The 
four statistical moments, Pearson x2 test and Ham- 
ilton R-factor test are then applied to the “experi- 
mental” curve points, in order to check whether the 
errors are normally distributed. 

The weight for each curve point, wir is calculated 

for m parameters 

B = (81,823 . .t P,)> 

a vector of their standard deviations 

s’(8)=[~(8,),~(B2)~...~~(Pm)l 

and a vector of their parametric weights 

~,(Bt=[w(B,),w(82)r~.‘,W(Bm)l 
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Table 3. Simulation of pK,-I curve points for pre-selected values of parameters, their standard deviations, 
their weights and errors s,.,~ (pK,) for the dissociation HL- = L*- + Hf. Statistical analysis of the set of 

errors generated tests whether a distribution is Gaussian [z = - 1, (z - I)* - z2 = 31 

PRESELECTED VALUES: 
INSTRUMENTAL ERROR = 0.0050 

STANDARD 
PARAMETER DEVIATION WEIGHT 

5.000 0.020 0.010 
4.500 0.300 0.980 
0.300 0.010 0.010 

xxxxxx DATA xxxxxx 
NUMBER OF POINTS = 20 
THE CONSTANT A = 0.51 I5 
THE CONSTANT B = 0.3291 
THE CHARGE OF IONS (Z - I)+*2 - Z*2 = 3 

SIMULATION OF PK-I CURVE 
I I(EXP) PK(ACCUR) ERROR PK(LOADED) 
1 0.0100 4.869341 - 0.004709 4.864632 
2 0.0400 4.775226 -0.000053 4.775172 
3 0.0900 4.708259 -0.006368 4.701891 
4 0.1600 4.662537 0.003544 4.666080 
5 0.2500 4.634170 0.006563 4.640733 
6 0.3600 4.620485 -0.005943 4.614542 
7 0.4900 4.619591 -0.011206 4.608385 
8 0.6400 4.630105 0.001697 4.631802 
9 0.8100 4.650997 -0.002646 4.648351 

10 1 .oOOo 4.681484 - 0.008908 4.672576 
I1 1.2100 4.720958 -0.003016 4.717941 
12 1.4400 4.768940 0.007988 4.776928 
13 1.6900 4.82505 1 -0.003786 4.821265 
14 1.9600 4.888982 0.00062 1 4.889603 
15 2.2500 4.960482 - 0.008307 4.952174 
16 2.5600 5.039344 0.003041 5.042385 
17 2.8900 5.125397 -0.001236 5.124161 
18 3.2400 5.218496 -0.000682 5.217814 
19 3.6100 5.318518 -0.005667 5.312851 
20 4.0000 5.425362 -0.005801 5.419560 

STATISTICAL ANALYSIS OF GENERATED ERRORS: 
ERROR MEAN = -2.24E-03 
MEAN ERROR = 0.0046 
STANDARD DEVIATION = 0.0055 
SKEWNESS = -0.869 
KURTOSIS = 2.145 
PEARSON CHI SQUARE = 6.40 AND SHOULD BE 12.60 (FOR 6 D.F. 

AND 0.95 PROBABILITY LEVEL) 
R-FACTOR = 0.00 113 

WEIGHT 
8.371428 
2.681057 
1.488267 
1.023263 
0.786365 
0.646007 
0.554365 
0.490324 
0.443288 
0.407440 
0.379244 
0.356556 
0.337922 
0.322366 
0.309191 
0.297890 
0.288112 
0.279560 
0.272021 
0.265330 

according to the general scheme 

Y&O =f(x,; B,? B2, . . > Pm) 

v,.1=f[,~,;8,+S(8,),82,~“~Pml 
Yl.2 =.0x;; 8,382 + S(P2)r . . 7 Pm1 
. . . 

Yi,, =fb% BI> 82, > Pm + ~ULJI 

(6) 

(7.1) 

(7.2) 

. . . 

(7.m) 

pi = 1 i i: (Yi., - Yi.o)2 (8) 
/ ,=I 

w,= i p/W(B,)IY,.,-x.01 
,=I 

(9) 

The value of the parametric weight w (/I,) serves to 
increase the sensitivity of the jth parameter in the 
model. When all the parameters are well-conditioned 
in a model, their parametric weights are equal. 

Table 3 demonstrates a data simulation for the 

program DHLET. The parametric values are b, = 5.0 
(= pKf), /I2 = 4.5 (= 6) /& = 0.3 (= C). The standard 
deviations of the parameters can be set at any desired 
values; in this case the values were s (/?, ) = 0.02, 
s ( p2) = 0.3, s (/&) = 0.01. The statistical weight for 
each parameter can also be set to a suitable value to 
improve the sensitivity of the parameter in the 
model. Therefore w (/I, ) = 0.01, w (/I?) = 0.98 and 
w (p3) = 0.01. As the ion-size parameter 6 is ill- 
conditioned in the model and its estimate is not so 
precise as the estimate of the other two parameters, 
its parametric weight was set at a value 98 times the 
parametric weights for the thermodynamic constant 
and salting-out coefficient. Statistical weights for each 
point on the pK,-I curve are calculated according to 
the scheme above. 

The OUTPUT unit displays the estimated results in 
various graphical ways: deconvolution of the experi- 
mental absorbance curve into the absorbance curves 
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for individual species, distribution diagrams for all 
the complex species in equilibrium, curves of molar 
absorptivities of requested species, curve fitting, 
fitness tests, etc. are possible. 

The ADDITIONAL SUBROUTINES unit con- 
tains various mathematical subprograms, format-free 
reading subroutines, subroutines of matrix calculus, 
etc. 

CONSTRUCTION OF AN ABLET 
PROGRAM 

An ABLET program is constructed from (1) three 
specific units formulated by the user for the particular 
mathematical model of the equilibrium study and (2) 
six permanent units which are the same for all 
ABLET family programs. 

Units formulated by the user 

The MASTER unit contains the MAIN PRO- 
GRAM which reads in some of the organization 
data, keys, termination criteria, etc. SINST is set such 
that either synthetic data (SINST > 0) or experi- 
mental data (SINST = - 1 .O) are treated. The present 
version of ABLET allows up to N = 50 curve points 
and M = 8 unknown parameters. Enlargement of 
arrays for M in single precision may lead to in- 
stability in the least-squares algorithm LETAG, and 
is at the risk of the user. An array for the parametric 
vector XK(M), parametric standard deviations 
SIGXK(M) and parametric weights WEI should 
be declared. Variable arrays are transferred by 
COMMON/FUNC/. This contains a vector for the 
independent variable XEXP(SO), a vector for the 
dependent variable YEXP(SO), a vector for the gener- 
ated random error ERR(SO), a vector for the calcu- 
lated variable YCAL(50) and a vector of weight for 
each curve point W(50). The input channel number 
NI is transferred by COMMON/KANAL/ and four 
numerical constants for printer-plotting subroutine 
PLOTT and seven keys are transferred by 
COMMON/PLOT/ and COMMON/ISW/. 

MAIN 
DIMENSION XK(8),SIGXK(@,WEI@) 
COMMON/FUNC/XEXP(SO),YEXP(5O),ERR(50), 
YCAL(5O),W(SO)/KANAL/NI 
COMMON/PLOT/MY,MX,NLS,NCL,DUMMY 

(193O)/ISW/ISSW(7) 
. . 

&OP 
END 

The INPUT unit should contain a version of 
SUBROUTINE DATA(IOU,NB) written for the 
particular equilibrium problem. The subroutine reads 
the experimental data and does some preliminary 
calculations. It has two arguments: IOU is an output 
channel number and NB the number of curve points. 
All variables are transferred by labelled COMMON 

blocks. The preliminary calculations must be 
specified by the user. 

SUBROUTINE DATA(IOU,NB) 
COMMON/FUNC/XEXP(5O),YEXP(5O),ERR(SO), 
YCAL(5O),W(5O)/KANAL/NI 
CALL READI(NB,l) 

. . 

RETURN 
END 

The RESIDUAL-SQUARE SUM unit should 
contain a subroutine UBBE(U,NK,XK,NB) which 
uses the parametric vector XK(M) and the indepen- 
dent variable vector XEXP(N) to calculate a de- 
pendent variable vector YCAL(N) and then the sum 
of squared residuals 

i W(I)*wEXP(I) - YCAL(I)]*. 
i=l 

The arguments for UBBE are NB, the number of 
curve points; NK, the number of parameters; XK, the 
parametric vector; and U, the residual-square sum 
function. Other variables are transferred by a labelled 
COMMON. 

SUBROUTINE UBBE(U,NK,XK,NB) 
DIMENSION XK(NK) 
COMMON/FUNC/XEXP(5O),YEXP(5O),ERR(50), 
YCAL(SO),W(50) 
u = 0.0 
DO 1 I=l,NB 
. . . 

YCAL(I) = 
1 U = U + W(I)*(YEXP(I) - YCAL(I))**2 
RETURN 
END 

Permanent parts of the ABLET program 

The MINIMIZATION unit contains SUB- 
ROUTINE LETAG(IOU,NAUT,NK,NB,XK,UMIN, 
ISSW,DARK2,DATA,UBBE,SKRIK),’ which per- 
forms a search for parameters XK and their standard 
deviations SIGXK. The LETAG subroutine is di- 
vided into independent logical blocks, use of which is 
controlled by the value of IRUR. Its arguments are 
IOU, the output channel number; NK, the number of 
parameters; NB, the number of curve points; ISSW, 
the vector of keys; subroutines DATA, UBBE and 
SKRIK; NAUT, a key; XK, a parametric vector; 
DARKZ, a vector of parametric standard deviations 
calculated in LETAG; and UMIN, the minimum of 
U achieved. 

The STATISTICAL TEST unit contains SUB- 
ROUTINE STATS(IOU,NK,NB,X,Y,EPS) which is 
adapted from the program MINIQUAD. 

The DATA SIMULATION unit contains three 
subprograms, SIMUL, NORAND and FUNCTION 
RANDOL. In the SUBROUTINE SIMUL 
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(X,YC,YM,NB,ISTART) X is the vector of the 
independent variable; YC the vector of dependent 
variable calculated precisely; YM the vector of de- 
pendent variable loaded with an error generated by 
YM(1) = YC(1) + SINST*EPS(I) where EPS(1) is the 
random error generated by subroutine NORAND; 
SINST is the standard deviation of the depend- 
ent variable; ISTART is a starting value for gener- 
ation of random numbers. SUBROUTINE 
NORAND(D 1 ,D2,IS) is the routine34 for generation 
of random numbers and calls internal FUNCTION 
RANDOL(IS). 

ciple ABLET is designed to handle any function 
y =f(x; 6) it is quite general, and it may suit the 
needs of quite different users, not only in the study 

of solution equilibria. 

A listing of the ABLET system and data input 

instructions are available on request. 
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Summary-A new method for the separation of enamel and dentin in various types of human teeth is 
proposed. The separated enamel and dentin samples have been analysed for thirteen elements by 
inductively-coupled plasma emission-spectroscopy and also for fluoride. 

Many of the recent reports on trace metals in biolog- 
ical tissues merely report the bulk concentrations for 
the sample. Such is the case with most studies in- 
volving the analysis of human teeth. There have, 
however, been a few efforts to separate teeth into 
their various components before analysis. One 
method’ involves a bromoform-acetone flotation 
process based on the differences in density of the 
various components of teeth. Another involves a 
mechanical separation of enamel and dentin with a 
diamond saw.2l3 A third suggests the use of a dental 
burr4 to section the teeth. All three have significant 
limitations. In the flotation procedure, some of the 
sample tends to adhere to the bromoform surface, 
and there is considerable risk of contamination when 
the mechanical separation is used. 

There have been only a few reports of multiple- 
element analysis of human teeth and none involves 
the separate analysis of dentin and enamel. Oehme et 
~1.’ determined copper, lead, cadmium and zinc in 
whole teeth, by anodic-stripping voltammetry, and 
Curzon and Crocker6 analysed over 300 whole 
enamel samples for 29 elements by spark-source mass 
spectrometry. Our study was undertaken to develop 
a method for separating the enamel and dentin of 
human teeth before analysis for trace metals or 
fluoride, and to minimize the risk of sample con- 
tamination. 

In our preliminary work, attempts were made to 
separate the enamel and dentin by mechanical means. 
Our experiences indicated that it was very easy to 
contaminate the sample when grinding or chipping 
techniques were used. A number of earlier studies 
employed the freeze-thaw technique, but, in our 
opinion, they do not offer any advantages over our 
newly proposed procedure. The freeze-thaw method 
requires subjecting the tooth to temperature extremes 

*Author for correspondence. 

over a 2-day period, followed by mechanically chip- 
ping the tooth to separate the enamel and dentin. The 
cementum can only be separated from the dentin by 
chipping the tooth under the microscope at 40x 
magnification. The new method avoids this problem 
and the various solutions obtained are ready for 
immediate analysis. Several teeth can be dealt with 
simultaneously, so the effective working time re- 
quired to separate the enamel and dentin is less than 
1 hour per tooth. The solutions obtained are analysed 
by plasma emission-spectrometry for twelve metallic 
elements and boron, and by ion-selective electrode 
for fluoride. 

Tooth samples 
EXPERIMENTAL 

Intact, non-carious permanent human teeth were ob- 
tained from Defiance, Ohio and the suburban Cleveland 
area. Following extraction, the teeth were immediately 
placed in polyethylene vials and frozen to retard con- 
tamination. Before analysis, extraneous blood, tissue, bone, 
and collagenous material were removed from each tooth by 
agitation in 5 ml of 3% reagent-grade hydrogen peroxide 
(Fisher Scientific Company) for 5 min. Next the teeth were 
rinsed with distilled demineralized water and any remaining 
tissues were removed by scraping with a Teflon spatula. The 
samples were rinsed again in distilled demineralized water, 
air-dried overnight and stored at - 15” in Falcon 2070 
plastic tubes until they were prepared for analysis. 

Reagents 

Digestion reagents. A protective coating material of 
“Total” denture rebase power (autopolyme&ing) and “To- 
tal” acrylic rebase liquid (self-curing) was suDolied bv 
Stratford-Cookson Company of College Park,‘ Georgia. 
These materials gave no appreciable trace metal signals. 

Nitric acid, 0.6M, was prepared from “Suprapur” 
(Matheson-Coleman and Bell) or “Baker Instra-Analyzed” 
reagents which are designed for trace metal analysis. 

Metnl standards. Standard solutions were prepared in 
Nalgene standard flasks and then stored in Falcon 2070 
polyethylene tubes. Most were prepared from Matheson 
Coleman and Bell lOOO-ppm atomic-absorption standards, 
and the others from atomic-absorption standards available 
from Anderson Laboratories Inc., Fort Worth, Texas. 
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Solutions for fluoride determination. Sodium fluoride stan- 
dards down to 10m5M were prepared by serial dilution of 
a O.lM stock solution made by dissolving the Baker “Ana- 
lyzed grade” material in 0.6M nitric acid (“Suprapur”). The 
total ionic strength adjustment buffer (TISAB) was prepared 
by dissolving 57 ml of glacial acetic acid (Baker “Ana- 
lyzed”), 58 of sodium chloride (Baker “Analyzed”), and 
4 g of diaminocyclohexanetreta-acetic acid (ICN Pharma- 
ceutical, Inc., Plainview, N.Y.) in 500 ml of distilled demin- 
eralized water, adjusting to pH 5.c5.5 with 5M sodium 
hydroxide (Baker “Analyzed”), and diluting to 1 litre with 
distilled demineralized water. 

Apparatus 

Analysis for metals and boron. An ARL ICPQ-137 
inductively-coupled plasma spectrometer was used, under 
standard operating procedures. 

Digestion. Parr A 238 Teflon containerr and lids were 
used. Each container was inserted into a Parr 4745 acid- 
digestion bomb or an aluminium jacket before heating on 
a Corning PC-35 hot-plate. Before use, all the Teflon caps 
and lids were cleaned with 25% nitric acid (Fisher Reagent 
Grade) in a Bransonic B-12 ultrasonic cleaner, and rinsed 
several times with distilled demineralized water. 

Fluoride determination. A fluoride ion-selective electrode 
(Orion Model 94-09) and a silver-silver chloride reference 
electrode (Sargent-Welch, Model 30080-IOC, platinum junc- 
tion) were used in conjunction with a digital Corning 135 
pH/ion-meter. 

cementum, leaving just the dentin. By the same procedure 
as for the enamel digestion, excepting the addition of 20 ml 
of 3M “Suprapur” nitric acid, the Teflon containers and lids 
were cleaned and placed on the hot-plate. After addition of 
the tooth remains, the capped containers were heated at 90” 
for l&l5 mitt, and then examined to see whether the 
remaining tooth parts floated. Flotation of the tooth re- 
mains indicated a change in density which was attributed to 
having only the dentin left unconsumed. However, if the 
surviving tooth sections did not float, the bombs were 
recapped and digestion continued for an additional 5 min. 
The additional heating consistently produced flotation. This 
flotation proved reproducible. 

Selective sectioning procedure. To dissolve the various 
layers of the tooth, several acids already used for the 
purpose were tried. Although lactic acid, hydrochloric 
acid2.* and acetic acid2 have been reported to be effective in 
achieving the separation, none was as effective as the 0.6M 
nitric acid. 

Several protective coatings were tried in the initial work, 
including spray acrylic, paraffin wax and lucite. Dental 
rebase mixture, which is used as a temporary liner for 
dentures, was found to be the most effective. Disposable 
surgical gloves were worn whenever handling the teeth. 
Tweezers and spatulas coated with Teflon or Parafilm were 
used for handling the teeth, to prevent contamination. 

The dentin remnants were removed from the Teflon (Parr 
acid-digestion) containers and placed in polyethylene tubes, 
air-dried, and weighed. The Teflon containers were then 
cleaned, and the dentin samples put back into them along 
with 7.5 ml of 1.2M “Suprapur” nitric acid, preheated to 
100”. The containers were placed in the Parr bombs, which 
were then tightly capped, and heated for 75 min on the 
hot-plate at 90”. After this time the dentin was completely 
in solution. The resultant solutions were diluted to 15 ml 
with distilled demineralized water and poured into poly- 
ethylene tubes, in which they were then frozen (at N 15’ ) and 
stored at the same constant temperature until analysis. 

The sample teeth were thawed at room temperature and 
allowed to dry in air, under a tissue-paper cover. The dry 
teeth were weighed and then coated with denture rebase 
mixture (over the cementum only). Each of the Teflon 
containers was inserted into the metal jacket of a Parr 4745 
acid-digestion bomb and the bombs were placed on the 
Corning PC-35 hot-plate; 15 ml of 0.6M “Suprapur” nitric 
acid were added to each Teflon container and the lids were 
replaced. The acid was given 15 min to reach a steady 
temperature of approximately 90”, at which the enamel was 
to be digested. The coated sample teeth were then inserted 
into the Teflon containers (one in each) and these were then 
recapped. The temperature was kept constant throughout 
the digestion. 

Procedure for metals and boron. Without further dilution, 
the whole 15 ml of solution was thawed and analysed with 
the ICP. This procedure results in approximately a I : 15 
dilution of the original material. The enamel portion is 
approximately 0.60.8 g and the dentin 0.2-0.4 g. 

Procedure for fluoride. A 2-ml portion of the 15 ml of 
diluted digest was pipetted into a Falcon 2076 graduated 
50-ml plastic tube. Enough TISAB (69 ml) was added to 
bring the pH to 4.8-5.0 and the solution was diluted to the 
15-ml mark with distilled demineralized water. The fluoride 
content was then measured with the ion-selective electrode. 

In the early work the dilution was done by weight on a 
top-loading balance, but later the dilution was done as 
described above, when it was found that the reproducibility 
was adequate (2%). 

RESULTS 

In the prehmmary work, X-rays were taken to check the 
completeness of enamel removal. The digestion times for 
the dissolution of the enamel depend on the type of tooth 
(Table 1). Once the enamel is removed, the digestion time 
for the dentin is the same for all teeth. 

On completion of removal of the enamel layer, the 
remains of the teeth were extracted from the containers with 
Teflon-covered forceps and the enamel solutions were 
poured into polyethylene tubes which were immediately 
transferred to a freezer (at - 15”) to await elemental anal- 
ysis. The coated tooth remains were placed in an oven at 
- 140” for 5-10 min to soften the denture rebase. The 
coating was then peeled off with a Teflon-coated spatula and 
the remaining tooth parts were weighed and placed in 
polyethylene tubes. 

Table 2 summarizes the results for samples ob- 
tained from the northeast Ohio area. The technique 
was also applied to the determination of fluoride in 
samples obtained from the northwest Ohio area 
(Table 3). Both sets of samples came from both 
fluoridated and non-fluoridated communities. 

DISCUSSION 

The next step involved the removal of residual enamel and 

Most of our values are somewhat lower than those 
obtained in earlier studies. This may be partially due 
to the lower risk of contamination. In particular, the 
earlier values are much higher than ours for potas- 

Table 1. Enamel-digestion times 
for various tooth groups 

Tooth 

group 

Digestion 
time, 
min 

Upper incisors 40 
Lower incisors 20 
Cuspids 30 
Bicuspids 30 
Molars 60 
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Table 3. Comparison of experimental and 
literature values for fluoride @g/g); refer- 

ences are given in parentheses 

Present study 
Enamel Dentin 

X, = 487 + 219 x,=77+311 
X,, = 323 + 93 x,, = 753 + 262 
X, = 442 + 206 X, = 769 + 295 

Previous work* 
12.5 + 9.52 (5) 71.9 + 39.4 (5) 
32-1247 (15) 200-8000 ( 15,16) 
32-1247(17) 175.6(13) 
293 + 34(18) 
130.27 (6) 
79.5 i- 6.04 (19) 
248.0 + 20.0 (14) 
104.6(13) 

F = fluoridated source; NF = non-fluoridated 
source; t = total of all samples; results 
expressed as mean + standard deviation 
or as range. 

*References in brackets. 

sium, sodium, iron and boron, which are normally 
contaminants from glassware. The use of Teflon 
containers for the digestion process eliminates the 
introduction of such elements. 

Clearly, there are advantages in analysing the 
enamel and dentin separately. Only limited reports on 
the composition of these portions of human teeth 
exist. Often only mean values are given, with no 
indication of the range of the data. Table 2 provides 
values for some elements for which no previous 
results are available. 

The most remarkable differences in the com- 
position of the enamel and dentin are for magnesium, 
fluoride and aluminium. The magnesium concen- 
trations were considerably greater in the dentin than 
in the enamel. The dentin is much more porous than 
the enamel, thus enabling the systemic introduction 
of elements. Magnesium is able to substitute easily 
for calcium in the structure of the tooth, which is 
primarily hydroxyapatite. 

The fluoride levels are also much higher for the 
dentin than the enamel, by a factor of at least three. 
The literature shows almost no relation between 
fluoride levels in enamel and dentin. It appears that 
a great deal of the fluoride which is ingested from 
water supplies and toothpastes is concentrated in the 
teeth. Although aluminium is present in many foods, 
the levels in dentin suggest that it is not systemically 
concentrated in the body. 

Comparison of the values from previous work with 
ours shows certain clear differences. The samples 
from the Ohio area gave somewhat higher chromium 
values than those of other workers. A possible expla- 
nation is that the concentration of this element in the 
water supplies varies with the different regions. Sim- 
ilar considerations apply to strontium, the content of 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13 

14 

15 

16. 

17. 

18. 

19. 

20. 

which, in minerals, varies considerably, depending on 
the region of the United States.“’ This may account 
for the wide range of values previously found for this 
element in the enamel. 

Several questions are raised by this study. One 
important issue is which elements are associated 
with the fluoride ingested from water or 
fluoride-containing dental materials. A second con- 
cern is whether there is any relationship between the 
number of cavities and the metal content in a person’s 
teeth. Both of these questions are at present under 
study in our laboratory. A third problem is that of 
considerable skewness in the distributions for iron, 
copper, manganese, chromium, strontium and bar- 
ium in both enamel and dentin. Correlations between 
unusually high levels of different elements would also 
be of interest, but were not looked for in the present 
work. 
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Summary-The conditions [acid used, presence of chloride and tin(H)] for the extractive separation and 
spectrophotometric determination of palladium and platinum as the dithizonates Pd(HDz), and Pt(HDz), 
have been examined. In the absence of stannous chloride platinum does not undergo extraction. 
Conditions for the separation and determination of these metals in the presence of mercury, gold and 
copper, which are also extracted with dithizone into carbon tetrachloride or chloroform under the 
conditions suitable for palladium (1M sulphuric acid/O.lM hydrochloric acid), have been defined. The 
mercury and gold dithizonates are formed quickly and can be removed before the palladium and platinum 
compounds have had time to form. They can be decomposed with iodide. Copper dithizonate is 
decomposed by reduction with tin(I1). The proposed procedure has been applied to the determination of 
palladium in technical platinum metal. 

The methods of separation of platinum metals are of 
considerable importance in the chemical analysis of 
these metals because of substantial similarities in 
their chemical properties. These separation methods 
have been reviewed.‘-’ Among the organic reagents 
that can be applied for extractive separation of 
palladium from platinum, dithizone is worthy of 
attention.4-6 Several papers have been publish- 
ed on the spectrophotometric determination of 
palladium’-” and platinum’~‘*~” with dithizone, but 
some aspects of this subject still require more 
clarification. 

The study described here was devoted mainly to 
extractive separation of palladium from platinum 
with dithizone. In solving this problem attention has 
been paid to the advantages of introducing stannous 
chloride into the aqueous phase, since for a number 
of other extractive reagents, e.g., thiourea deriva- 
tives,14 dioctyl sulphide,‘5 triphenylphosphine,“j the 
use of stannous chloride in the extraction system has 
made it possible to separate the platinum metals 
effectively. 

EXPERIMENTAL 

Reagents 
Standard palladium solution (1 mg/ml) was prepared by 

dissolving 0.84 g of palladium(I1) chloride in 10 ml of 
concentrated hydrochloric acid and diluting to volume with 
water in a 500-ml standard flask. The solution was standard- 
ized gravimetrically with dimethylglyoxime. Working solu- 
tions (e.g., 10 pg/ml) were obtained by suitable dilution of 
the stock solution with water. 

Standard platinum solution (1 mg/ml) was prepared by 
dissolving 0.5000 g of suitably pure platinum metal in 20 ml 
of aqua regia. Oxides of nitrogen were removed by three 
successive evaporations (almost to dryness) with hydro- 
chloric acid. The residue was dissolved in 10 ml of concen- 

trated hydrochloric acid, and the solution was transferred to 
a 500-ml standard flask and diluted to volume with water. 
Working solutions were obtained by suitable dilution of the 
stock solution with water. 

Dithizone (H,Dz), 0.01% solution in carbon tetrachloride 
or chloroform, was standardized by extractive titration of 
standard silver solution3 

A 1M stannous chloride solution in 2M hydrochloric acid 
was used. 

Procedure 
Separation and determination of palladium. From the acid 

test solution, ca. 1M with respect to sulphuric acid and 0. IM 
with respect to hydrochloric acid (volume ca. 20 ml), 
containing platinum and not more than 50 pg of palladium, 
extract palladium with two portions of 2 x 10m4M dithizone 
in carbon tetrachloride (shaking for 2 min), and reserve the 
aqueous phase for platinum determination. Shake the com- 
bined extracts for 30 set with 5 ml of 4M hydrochloric acid 
plus one drop of 1 M stannous chloride. Separate the phases 
and shake the organic extract with two S-ml portions of 
dilute ammonia solution (1 + 50). Separate, and dilute the 
extract to volume with carbon tetrachloride in a lo-25 ml 
standard flask, according to the amount of palladium. 
Measure the absorbance of the Pd(HDz), solution at 635 nm 
against carbon tetrachloride. 

Determination of platinum. To the aqueous phase reserved 
from separation of palladium, add 1 ml of hydrochloric acid 
(1 + 1) and 0.2 ml of 1M stannous chloride. Extract the 
platinum with two portions of 2 x 10e4M dithizone in 
chloroform (shaking for 1 min). Wash the combined ex- 
tracts first with 5 ml of 1M hydrochloric acid, and then with 
5 ml of ammonia solution (1 + 50). Dilute the organic phase 
with chloroform to a known volume (standard flask), 
suitable for the amount of platinum. Measure the absorb- 
ance of the Pt(HDzX solution at 710 nm against chloroform. 

RESULTS AND DISCUSSION 

Extraction and determination of palladium 

When an acidic aqueous solution of palladium(I1) 
is shaken with excess of dithizone solution in carbon 
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, 450; 49cj , , 6355; \ 
400 500 600 700 

Wavelength (nml 

Fig. 1. Absorption spectra of: I-dithizone, 2-Pd(HDz),, 
3-Pt(HDz), (in carbon tetrachloride). 

tetrachloride or chloroform, grey-green palladium 
dithizonate is formed. The absorption spectrum of 

Pd(HDz), in carbon tetrachloride has absorption 
maxima at 450 and 635 nm (Fig. 1). 

The concentration of sulphuric acid or perchloric 
acid present should not exceed 4M. It is not advisable 
to use nitric acid of concentration higher than lM, 
because it would readily oxidize the dithizone. The 
concentration of hydrochloric acid (alone or in the 
presence of the above-mentioned acids) should not 
exceed O.lM. As the concentration of chloride in- 
creases, the formation of Pd(HDz), becomes more 
and more difficult because of the inertness of PdCl:- 
towards dithizone, and the necessary shaking time for 
complete extraction becomes longer. 

Palladium dithizonate in carbon tetrachloride or 
chloroform is stable in time and when formed is 
resistant to hydrochloric acid (1 + l), sulphuric acid 
(1 + 1) and ammonia solution (up to 3M). A single 
shaking for 30 set with dilute ammonia solution 
(1 + 50) will remove the excess of dithizone from the 
organic phase. 

The completeness of extraction of palladium dith- 
izonate is a function of the concentration of dithizone 
in the organic phase, the shaking time, and the nature 
of the aqueous medium, as shown in Figs. 2 and 3. 

,oo_--______ 

I I I I I 

2 4 6 6 10 

male Ii, Dz / male Pd 

Fig. 2. Dependence of palladium extraction on dithizone 
concentration, from: I-IA4 HCl, 2-1M H,SO,, 3-0.05M 

HCI; 20 peg of Pd. 

The rate of extraction of palladium is considerably 
increased by the presence of small amounts of stan- 
nous chloride in the solution, because SnCl, ions 
replace chloride ions in the chloride complex of 
palladium (which is rather inert towards reaction 
with dithizone) and are themselves easily displaced by 
dithizonate ligands. 

The calibration graph obtained under the condi- 
tions given in the procedure is linear up to a pal- 
ladium concentration of 2.5 pg/ml. The molar ab- 
sorptivity is 3.55 x lo4 l.molee’.cm-’ at 635 nm. 

Extraction and determination of platinum 

Platinum(W) in acid solutions (0.14M hydro- 
chloric, sulphuric, or perchloric acid) does not form 
a dithizonate when shaken with dithizone solution in 
carbon tetrachloride or chloroform, and can oxidize 
the dithizone. Nor is platinum extracted with 
dithizone in the presence of ascorbic acid or sulphite, 
even though these reducing agents transform 
platinum(IV) into platinum(H). If stannous chloride 
is added, however, brown-yellow platinum(H) dith- 
izonate is rapidly extracted. As can be seen from 
Figs. 4 and 5, the optimum conditions for the extrac- 
tion of platinum are ca. 1M sulphuric acid and O.lM 
stannous chloride or l-2M hydrochloric acid and 
O.Ol-0.05M stannous chloride. For a mixed medium 
(1M sulphuric acid/0.5M hydrochloric acid) a lower 
concentration of stannous chloride (O.OlM) is 
sufficient. It is best to use chloroform as solvent, 
because platinum dithizonate is more soluble in it 
than in carbon tetrachloride. 

Platinum dithizonate is stable in time and resistant 
to ammonia, *which can therefore be used for re- 
moving the excess of dithizone from the extract. 
Before the treatment with ammonia, however, it is 
necessary to wash the extract with 1M hydrochloric 
acid to decompose the red tin(I1) dithizonate, which 
forms in the pH range 5-9.4 

The absorption spectrum of platinum dithizonate 
(Fig. 1) has maxima at 490 and 710 nm. Dithizone 
does not absorb light of the latter wavelength. 

4 6 6 10 

Ttme (mln) 

Fig. 3. Dependence of palladium extraction on shaking time, 
from: I-1M HCl, 2-1M H,SO,, 3-0.05M HCl. 
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1 10-4 1 10-3 1 10-z 01 1 

M SnCl, 

Fig. 4. Dependence of platinum extraction on stannous 
chloride concentration, from: I-1M HCl, 2-1M H,SO,. 
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Fig. 5. Dependence of platinum extraction on acid concen- 
tration: 1-HCl (and O.OlM SnCl,), 2-H,SO, (and O.lM 

SnCl,). 

Unlike palladium (which would form the pink 
secondary dithizonate’O), at high Pt:H,Dz ratio plat- 
inum can be extracted stepwise with successive small 
portions of dithizone solution. This fact allows the 
composition of the platinum dithizonate to be deter- 
mined by the spectrophotometric titration method; 
the compound is found to be 1:2 (Pt :HDz). 

As ternary complexes of platinum metals are 
known which contain SnCl; as a ligand, it was 
necessary to check whether the platinum compound 
extracted in the presence of stannous chloride con- 
tained any tin. After evaporation of the solvent and 
mineralization of the residue with concentrated sul- 
phuric and nitric acids, the spectrophotometric 
method for determination of tin with phenylfluorone3 
was applied but no tin was found. The correctness of 
the result was verified by analysing the extracts after 
addition of known amounts of tin before the miner- 
alization. The tin introduced was completely recov- 
ered. Therefore platinum dithizonate can be ascribed 
the formula Pt(HDz),. The stannous chloride used in 
the procedure performs a double function: it reduces 
Pt(IV) to Pt(II), and then transforms the platinum 
chloro-complex (rather inert towards dithizone) into 
the more labile complex with SnCl; as ligand. 

The calibration graph obtained according to the 
procedure is linear up to a platinum concentration of 
5~gg/ml.Themolarabsorptivityis3.50 x lo41 .mole-‘. 
cm-’ at 710 nm, and 3.75 x lo4 l.mole-‘.cm-’ at 
490 nm. 

Separation of palladium from platinum 

It follows from the investigations described above, 
that palladium can be separated from platinum with 
dithizone. The palladium can first be extracted with 
dithizone from ca. 1M sulphuric acid medium. In the 
absence of stannous chloride platinum remains in the 
aqueous phase. Low concentrations of stannous chlo- 
ride (below O.OOlM in the aqueous phase) would 
increase the rate of extraction of palladium and 
prevent dithizone from being oxidized by plat- 
inum(IV) and aerial oxygen, but would also result in 
extraction of small quantities of platinum. It is 
therefore better to extract the palladium in the ab- 
sence of stannous chloride and then to wash the 
extract with a highly dilute stannous chloride solution 
in 4M hydrochloric acid; the tin(H) reduces the 
dithizone oxidation products back to dithizone, 
which can then be removed from the extract by 
washing with ammonia. Furthermore, any copper 
dithizonate which may be present in the extract is 
decomposed by reduction of the Cu(I1) to Cu(1) by 
the Sn(I1). 

Various mixtures of palladium and platinum were 
analysed by the proposed procedure. The results in 
Table 1 show good precision and accuracy, and 
indicate the possibility of determining palladium in 
the presence of large quantities of platinum. 

Other platinum metals do not react with dithizone 
under the conditions used.4.s Silver, mercury, gold 
and copper can also be extracted with dithizone from 
acidic media, but silver does not form a dithizonate 
in the presence of chloride. The orange-yellow mer- 
cury(U) dithizonate forms quickly; shaking for 
several seconds is enough. Hence, any mercury can be 
preliminarily separated by extraction with small por- 
tions of dithizone solution in carbon tetrachloride. 
These extractions are continued until there is a 
change in colour between one portion of dithizone 
extract and the next. Any mercury in this last portion 
of extract can be removed by brief shaking with a 
dilute acid solution of potassium iodide containing a 
little ascorbic acid (to prevent oxidation of iodide to 
iodine), and the organic phase added to the sub- 
sequent palladium extracts. 

Brown-yellow gold dithizonate is also extracted 
quickly. For larger amounts of gold it is better to use 
a chloroform solution of dithizone, in which gold 

Table 1. Results of the separation and determination 
of palladium and platinum with dithizone 

Added, pg Found, jog 

Pd Pt Pd Pt 

20.0 20.0 20.0 19.7 20.0 20.8 
10.0 50.0 10.0 9.9 49.5 50.0 
50.0 10.0 48.1 48.9 10.1 10.0 
5.0 50.0 5.1 

10.0 1000 10.1 10.1 
10.0 2500 10.3 
10.0 5000 10.6 
10.0 10,000 11.0 
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Table 2. Determination of palladium (20 pg) and platinum 
(20 rg) with dithizone in solutions containing copper, 

The sample was dissolved in aqua regiu and the 

mercury and gold 
product was subjected to alternating evaporation 
almost to dryness and addition of hydrochloric acid. 

Added Found, pg The residue was dissolved in 2M sulphuric acid. The 

Cu, mg H8, pg An, pg Pd Pt 
palladium was extracted and determined in aliquots 

1 19.7 19.3 18.9 19.3 
corresponding to 5 mg of the sample. The palladium 

10 18.9 19.2 18.0 19.0 
content found was 0.12 f 0.01% (for 6 deter- 

20 19.8 20.1 19.1 19.3 minations). The recovery was checked by addition of 

100 19.2 18.9 17.9 18.6 5 pg of palladium to the test solution, and re-analysis, 
20 20.3 19.7 19.9 19.3 and found to be 95%. 

100 18.9 19.0 18.9 19.4 
500 19.1 18.0 19.3 19.3 

0.1 20 20 19.8 19.9 18.9 19.8 
1 50 50 19.3 19.8 19.3 20.1 

10 100 100 18.7 19.3 17.9 19.2 
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Summary-The extraction of cobalt (II) from aqueous thiocyanate solutions with polyurethane foam has 
been extensively investigated. The extraction is enhanced by high thiocyanate concentration, high ionic 
strength and low temperature. A pH of 1.0-9.0 can be used for efficient extraction. Cobalt can be extracted 
at low concentration and the distribution coefficient is independent of foam weight. Several foam types 
and foam pretreatments have been examined. The effect of various substances added to the cobalt 
thiocyanate solutions has been investigated. Some of these substances caused either enhanced or decreased 
extractions by interacting with the polyurethane foam or by changing the solution chemistry. 

The thiocyanate complex has been used for several 
decades as a means of extracting cobalt into organic 
solvents.’ The sorption of cobalt by flexible poly- 
urethane foam from thiocyanate solutions has been 
reported,2-7 although no very detailed studies were 
undertaken. The present paper outlines a systematic 
investigation of the extraction of cobalt, which was 
used to provide precise information on the sorption 
process under a wide variety of conditions. Through- 
out this work, cobalt-60 was used as a tracer so as to 
provide the most precise data possible, and extreme 
care was taken to eliminate or correct for as many 
sources of error as possible. 

EXPERIMENTAL 

Apparatus 

Radiometric counting was done with a Baird-Atomic 
model 530A gamma spectrometer and spectrophotometric 
measurements with a Unicam model SPIOOB recording 
spectrophotometer. Pyrex cells for distribution studies were 
designed so that 150 ml of solution could be equilibrated 
with a foam sample by squeezing, this action causing 
reasonable stirring and minimal splashing of the sample. 
These cells consisted of a lower section with a side-arm and 
stopper for removal of samples, and an upper section with 
a central sleeve and glass plunger. A mechanical squeezer 
was made with plungers driven up and down in the extrac- 
tion cells by means of large glass tubes on brass cams 
mounted eccentrically on a motor-driven rod. This system 
gave the plungers a S-cm stroke at a rate of 25 cycles/min. 
A controlled-temperature cabinet was made, fitted with a 
heater and cooler, and a fan for circulation of the air in the 
system. The temperature was maintained within + 0.05” of 
the preset value, and the difference between cell tem- 
peratures was approximately f 0.01”. Details of the cells 
and squeezing apparatus are available on request. 

Standard flasks were calibrated to contain 150 ml 
k 0.06%. The Pyrex test-tubes used for gamma-counting 
were numbered and calibrated to contain 15.0 ml. A count- 
ing error of only + 0.07% was caused by a variation of 
0.1 ml in volume, since the sample extended well beyond the 
detector crystal. Slight differences in counting geometry of 
the tubes were corrected for by using a radioactive tracer 
calibration solution to obtain a correction factor (maximum 
2%). 

All chemicals were reagent grade and the water was 
doubly distilled and then demineralized. A stock solution of 
1000 ppm (17 mM) Co(H) was prepared from CoC1,.6H20 
in IO-‘M hydrochloric acid. Tracer 6oCo (ICN Nuclear), 
obtained as CoCI, solution, was mixed with concentrated 
hydrochloric acid and evaporated to dryness, then the 
residue was taken up in O.OOlM hydrochloric acid 
for storage. A 2.5M sodium acetate/acetic acid buffer 
(pH -4.7) was used. 

Polyether-type polyuerethane foam ( # 1338 from G. N. 
Jackson Ltd., Winnipeg, Canada) was used for all experi- 
ments except those investigating the effect of foam type. All 
foams were cut into cubes<l.3 &I edge), cleaned by soaking 
in 1 M hvdrochloric acid for 12 hr. washed in distilled water, 
washed ;n a Soxhlet apparatus with acetone for 6 hr, and 
dried. A foam weight of 50 k 2 mg was generally used, with 
the weight measured to 0.01 mg after any static charge had 
been allowed to dissipate in a grounded metal container. To 
avoid any bias from the sample cells or position, the ten 
solutions were randomized with respect to numbered sample 
location. Observed evaporation losses of 1.8% over 24 hr 
were reduced to 0.3% by using a latex rubber seal over the 
plunger and cell neck. 

Sample solutions were prepared as required and 30 or 
40 p 1 of 6oCo tracer added. After rough dilution and mixing, 
the solutions were left overnight for temperature and solu- 
tion equilibration before the final volume adjustment and 
mixing. A 15-ml aliquot was withdrawn from each sample, 
counted on the gamma-spectrometer for ten IOO-set periods, 
and carefully re&ned to its original flask. The sample was 
then olaced in a distribution cell. with 99.7&99.75% of 
the 150 ml actually transferred. All gamma-spectrometer 
data were corrected for both background and detector drift. 
The background was obtained from one hundred IOO-set 
counting periods. A solid @‘Co standard was used with every 
counting sequence to determine any detector drift. Cali- 
bration indicated that the detector had a linear response 
over the normal counting-rate range. 

In all cases the equipment was washed and dried before 
use, to prevent sample loss or dilution. Samples were usually 
taken after 6, 12 and 24 hr since this gave information on 
when equilibrium was obtained and the relative rates of 
equilibration. 

It should be noted that in many experiments, in order to 
obtain meaningful data it was necessary to use conditions 
which were not optimum, since the distribution coefficient 
was so large. Calculations of the distribution coefficient (D, 
I./kg) and degree of extraction (%E) were done as previously 
discussed? 
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Fig. 1. Time dependence of cobalt sorption. Conditions: 0.05 g of foam; 150 ml of solution 1.7 x 10-6M 
in Co(H), O.lOM in NaSCN, ionic strength 3.OOM, pH 4.8, 25.00”. Duplicate experiments, A and B. 

RESULTS AND DISCUSSION 

Time dependence 

A 1.7 PM Co(H) solution at pH 4.8 containing @%Zo 
tracer, O.lOM sodium thiocyanate, 1.90M sodium 
and chloride and l.OOM sodium acetate/acetic acid 
buffer was used to determine the time required for 
equilibration between the cobalt solution and poly- 
urethane foam. One experiment mainly evaluated the 
first 2 hr of extraction, and a second experiment 
extended the time up to 48 hr. Typical results shown 
in Fig. 1 indicate that equilibrium is approached 
fairly slowly with the small amount of foam used. The 
extraction increased from 90% of its final value after 
2 hr to 97% after 24 hr. The final value determined 
after 48 hr may be affected by small evaporation 

losses which cause a gradual increase in D due to 
increasing thiocyanate and ionic strength. This ex- 
periment was deliberately done under conditions 
which ensured only a moderate extraction. Under 
more appropriate conditions (e.g. 1 .OM thiocyanate 
and 0.4 g of foam) 99.99% extraction can be obtained, 
with 90% extraction in less than 2min. 

EfSect of pH 

The pH of 1.7pM Co(I1) containing ‘%o tracer 
and O.lOM sodium thiocyanate was adjusted with 
hydrochloric acid or sodium hydroxide as required 
and the ionic strength fixed at 3.00M with sodium 
chloride. After initial pH measurement, the solutions 
were equilibrated with 50 mg of foam for up to 24 hr 
and the pH redetermined. It was noted that at 

26 
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Fig. 2. Effect of pH on cobalt sorption. Conditions: 0.050 g of foam; 150ml of solution 1.7 x 10m6M in 
Co(H), O.lM in NaSCN, pH adjusted with HCl or NaOH, NaCl added to maintain 3.OOM ionic strength. 

Equilibrium pH values: measured 0; calculated 0. 
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solution acidities between 0.5M acid and pH4, the 
foam developed a red to red-brown colour due to the 
presence of small specks of iron inhomogeneously 
distributed in the reagent-grade sodium chloride. 
This extraction of iron by polyurethane foam has 
been reported before,3,s7 and the iron either does not 
affect the cobalt extraction or is easily displaced by 
the cobalt species. At an acidity greater than lM, a 
yellow colour quickly developed, accompanied by the 
smell of H,S. On standing overnight a small amount 
of yellow precipitate formed, and there was a return 
of cobalt to the solution from the polymer. These 
observations are consistent with the reported’ 
instability of HSCN in acid solution, resulting in 
hydrolysis to give H,S or polymerization to give the 
yellow isoperthiocyanic acid. At pH > 11, a precip- 
itate was formed which was assumed to be 
COG.” 

The pH values before and after the extraction were 
practically the same except in the range 7-l 1.5, where 
changes of up to two units occurred, probably due to 
decomposition of SCN- or sorption of acid by the 
foam. 

From the results in Fig. 2, the sorption of cobalt 
is quite insensitive to pH from 1 to 9. Hydrogen-ion 
concentrations greater than O.lM affect the cobalt 
extraction because the available thiocyanate concen- 
tration is reduced in fairly acid solution by 
protonation” (pK, - - 2.0). In addition the 
decomposition of HSCN in acid further shifts 
the equilibrium and results in the observed decrease 
in cobalt extraction with time. In more basic solu- 
tions the sorption gradually decreases and there is 
considerably more scatter in the results, owing to the 
formation of Co(OH),. 

Therefore most experiments were done in the mid- 
dle of the optimum pH range, with sodium 
acetate/acetic acid buffer. 

The lack of sensitivity to hydrogen-ion concen- 
tration indicates that either hydrogen ion is available 
in vast excess or it is involved in formation of neither 
the extractable species nor weakly basic anion- 
exchange sites on the foam (by protonation). That 
cobalt can be sorbed from mildly basic solutions 
makes it unlikely that the mechanism involves pro- 
tonation of the polymer sites to form a weak-base 
anion-exchanger (as suggested by Bowen12). In addi- 
tion, the small changes in pH indicate that the largest 
amount of hydrogen ion which could have been 
released from the foam is not sufficient to account for 
the large amount of cobalt extracted. 

Effect of thiocyanate 

Cobalt(I1) solutions (1.7pM) containing 60Co tracer, 
0.88M sodium acetate/l.OOM acetic acid buffer and 
various sodium thiocyanate concentrations were ad- 
justed with sodium chloride to a total ionic strength 
of 2.88M. Extraction with 50 mg of polyurethane for 
up to 24 hr showed that D rises to lo5 at 0.25M 
thiocyanate and to 3.3 x lo6 at 2.00M thiocyanate. 
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Fig. 3. Effect of thiocyanate on cobalt sorption. Conditions: 
0.050 g of foam; 150 ml of solution 1.7 x 10m6M in Co(B), 

2.88M ionic strength, pH 4.7, 25.00”. 

The latter value is equivalent to 99.9% sorption of 
cobalt from 3000 litres of solution by a kilogram of 
foam. Figure 3 shows the near linearity of a log D vs. 
log [SCN-] plot, at the lower thiocyanate concen- 
trations; the slope of about 4 indicates that four 
SCN- ligands are involved in the extractable species. 

Control of the thiocyanate concentration provides 
very wide flexibility in the sorption and desorption of 
cobalt. Some degree of selectivity may be possible by 
careful choice of the thiocyanate concentration 
and other solution parameters, in column chro- 
matographic or batch extraction separations. 

Effect of cobalt concentration 

Initial cobalt concentrations from tracer only 
(- 1.7 x lo-‘OM) to 1.7mM were used to evaluate 
their effect on cobalt extraction in 24 hr from solu- 
tions containing 1 .OOM sodium acetate/acetic acid 
buffer, O.lOiU sodium thiocyanate and 1.90M sodium 
chloride. A second series of experiments used 0.25M 
thiocyanate, l.OOM buffer and 1.75M sodium 
chloride. 

The colours of the equilibrated polyurethane foams 
ranged from off-white through various shades of 
green to a dark blue-green, in parallel with the 
amount of cobalt sorbed. The foam pieces containing 
the largest amounts of cobalt became brittle and 
broke apart on squeezing, which has been interpreted 
as supporting the cation chelation mechanism for the 
extraction.* 

Figure 4 shows that the distribution ratio, D, is 
markedly affected by thiocyanate concentration, as 
expected, but the fraction of cobalt extracted is 
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Fig. 4. Effect of cobalt concentration on distribution ratio. 
Conditions: 0.050 g of foam; 150 ml of solution, 3.OOMionic 
strength, at 25.00”. 0 O.lOM NaSCN; 0 0.25M NaSCN; 

A @‘Co tracer only. 

essentially independent (slope = 0) of the amount 
of cobalt present (at low concentrations), which 
indicates’) that a mononuclear complex is extracted. 
Moreover, at high cobalt concentration, the slope is 
about - 1.0, indicating that nearly all additional 

log CCOI,, 

Fig. 5. Effect of cobalt concentration on extraction. Condi- 
tions: 0.05Og of foam; 150ml of solution, 3.OOM ionic 
strength, 25.00”. 0 O.lOM NaSCN; 0 0.25M NaSCN; 

A Vo tracer only. 

cobalt added remains in the aqueous phase. Figure 5 
displays the results in a different way, showing the 
maximum concentration of cobalt in the foam 
is -0.47 mole/kg. Since a typical polyurethane 
foam has a surface areal of 81 m*/kg and the 
cross-sectional area” of a Co*+ ion is about 
1.63 x 10-20m2, the sorption process must involve 
the whole bulk of the polymer and be akin to a 
solvent extraction or ion-exchange process rather 
than solely a surface adsorption phenomenon. 

It is apparent that the degree of cobalt extraction 
does not decrease even at very low cobalt concen- 
trations, which makes polyurethane foam and thio- 
cyanate useful either for the preconcentration of very 
low levels of cobalt for analysis or for the complete 
recovery of cobalt from radioactive wastes or spills. 
Further, since the distribution ratio remains constant 
until the foam is almost saturated, reasonably sym- 
metrical elution peaks are expected when the system 
is used in column chromatography. The relatively 
high capacity of polyurethane foam [0.47 mole of 
Co(SCN):- and hence 0.94 mole of Na+/kg] is of the 
same order of magnitude as that of many commer- 
cially available ion-exchange resins and its cost is 
competitive. 

Eflect of phase ratio 

A wide range of phase ratios was studied, to test 
the assumption that D is constant for different rela- 
tive amounts of aqueous phase and foam. Because of 
the experimental difficulties in using small sample 
volumes for extraction, the study was done by using 
a wide variation in foam weight. Solutions con- 
taining O.lOM sodium thiocyanate, 0.88M sodium 
acetate/ 1 .OOM acetic acid buffer, 1.90M sodium chlo- 
ride, 0.10 ppm Co(I1) and 6oCo tracer were equili- 
brated with l-1000 mg pieces of foam for 48 hr. 
Special care was taken to eliminate the effect of static 
charge on weighing the smaller pieces of foam and to 
ensure that these had the entrapped air removed by 
manual squeezing before the normal mechanical 
squeezing. 

From Table 1 it appears that D remains nearly 

Table 1. Effect of phase ratio on distribution coefficient 

D x lO-3 
Foam weight, 

mg 12hr 24 hr 36 hr 

1029.75 4.4 & 0.6 4.1+ 0.6 4.7 f 0.6 
390.17 4.62 f 0.16 4.73 + 0.16 4.71 + 0.15 
209.594 4.73 k 0.09 4.81 k 0.10 4.76 k 0.10 
108.312 4.69 k 0.05 4.74 + 0.05 4.77 + 0.05 
46.473 4.71 k 0.05 4.81 f 0.05 4.83 + 0.05 
24.546 4.85 f 0.03 4.94 k 0.04 4.96 f. 0.03 
10.974 4.98 f 0.06 5.04 + 0.06 5.08 f 0.06 
4.233 4.84 f 0.07 4.71 f 0.14 4.76 k 0.12 
1.780 4.84 f 0.22 4.71 f 0.21 4.58 k 0.23 
0.961 5.0 * 0.5 4.4 * 0.5 4.3 f 0.4 

Conditions: 150 ml of solution 1.7 x 10m6A4 in Co(U), 
O.lOM in NaSCN, with ionic strength 2.88M and pH 4.7; 
foam squeezed for 12.0, 24.0 and 36.0 hr at 25.00”. 
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constant, considering the lOOO-fold range of foam 
weight, but there are some changes. With the larger 
foam pieces there is some increase in D with time 
whereas for the smallest foam pieces D decreases with 
increasing time. 

It can be showni that these effects can be caused 
by losses of water through evaporation, and that 

D appamlt 

where Do is the actual distribution coefficient, Dappsrcnr 
the apparent distribution coefficient, V” the initial 
sample volume, AV the volume loss, and W the foam 
weight. 

If the distribution ratio, D, is assumed to be com- 
pletely independent of foam weight, then if even 
minor evaporative losses of solvent occur, small 
increases in the apparent distribution ratio will be 
observed at high foam weights and fairly large de- 
creases will be seen at low foam weights, as was 
observed. 

Two 0.50-g amounts of foam, in one case as a 
single piece and in the second as 222 small pieces, 
were equilibrated for 48 hr with the same solution as 
that above and gave D values of 4688 and 4686 I./kg 
respectively in spite of the drastic difference in piece 
sizes. Thus the squeezing behaviour, air entrapment 
and other physical factors associated with the various 
sizes of foam pieces used, did not affect the extrac- 
tion. 

The distribution ratio is essentially independent of 
cobalt concentration (when this is below the satur- 
ation limit) and of the relative quantities of the two 
phases. Thus large volumes of solutions may be 
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extracted with small weights of polyurethane with no 
decrease in efficiency. 

Eflect of temperature 

The extraction of cobalt was studied over the 
temperature range O-95” after preliminary obser- 
vations had revealed that even a 0.2” change due to 
normal laboratory fluctuations caused a 10% vari- 
ation in D. Maloney et al.’ have reported the large 
variation in cobalt extraction from 0.4M potassium 
thiocyanate when the temperature changes from 20 
to 90”. 

Five series of potassium thiocyanate solutions 
(0.010, 0.050, 0.25, 1.00 and S.OOM) that were 1.7jA4 
in Co(I1) were prepared, with %o tracer. The ionic 
strength was adjusted to 3.00M for the O.OSOM SCN- 
series, 5.88M for the 5.00M SCN- and 2.88M for the 
remainder, with sodium acetate/acetic acid buffer. 
Samples were extracted with 50 mg of foam in water- 
jacketed distribution cells for 6 hr, then the tem- 
perature was recorded and an aliquot removed for 
measurement (after return to room temperature). To 
minimize any effect of foam deterioration, or loss or 
contamination of the solution, the temperature of a 
single sample was raised in 10” increments in succes- 
sive runs and then lowered to intermediate values. 
The data for ascending and descending temperature 
matched, showing the absence of such effects. 

The data in Fig. 6 indicate that the cobalt sorption 
is very sensitive to temperature, but less so at high 
thiocyanate concentrations. These data can be used 
to help interpret the extraction process, as discussed 
in detail elsewhere.” Since D increases sharply with 
decrease in temperature the solution concentration of 

0 10 20 30 40 50 60 70 60 90 

Temperature PC 1 

Fig. 6. Effect of temperature on cobalt extraction. Conditions: 0.050 g of foam; 150ml of solution 
1.7 x lo-‘A4 in Co(H). A O.OlOM KSCN, 2.88M ionic strength; 0 O.OSOM KSCN, 3.OOM ionic strength; 
0 0.25M KSCN, 2.88M ionic strength; V l.OOM KSCN, 2.88M ionic strength; 0 5.OOM KSCN, 5.88M 

ionic strength. 
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Table 2. Effect of ionic strength 

Ionic Cobalt 
ma;],* strength,* extracted, 

M % log D 

0.000 0.200 10.5 * 0.4 
0.100 0.300 11.0+0.4 
0.300 0.500 12.17kO.34 
0.500 0.700 14.4 + 0.4 
0.800 1.000 21.2 * 0.5 
1.800 2.000 56.0 f 0.4 
2.801 3.001 88.5 + 0.4 
3.80 4.00 97.38 f 0.32 
4.80 5.00 99.38 + 0.32 

2.536 + 0.018 
2.571 + 0.014 
2.615 f 0.012 
2.731 k 0.012 
2.911 k 0.010 
3.608 f 0.005 
4.360 f 0.014 

5.08 k 0.05 
5.70 + 0.22 

Conditions: 150 ml of solution, 1.7 x 10e6M in Co(H), 
O.lOM in NaSCN, 0. 10M in HCl; 0.050 g foam; 24 hr 
extraction. 

* * 1%. 

the extractable species must correspondingly increase 
markedly. At low temperatures D assumes the same 
large value of 3 x 1061./kg for thiocyanate concen- 
trations of 0.25, 1.00 and 5.00M. This suggests that 
the species in solution is either co-ordinatively satur- 
ated with the ligand [i.e., Co (SCN):-. aq is formed] 
or does not contain any thiocyanate (which is im- 
probable in view of the very high thiocyanate de- 
pendence at low cobalt concentrations). 

Hence cooling the system can create considerable 
economy in large scale operations, and the tem- 
perature effect may be used to shift the equilibrium 
either to increase cobalt sorption or aid in its recovery 
from the foam. 

Effect of ionic strength 

Preliminary studies of cobalt extraction in the 
presence of a variety of sodium salts indicated that 
the extraction was somewhat enhanced by l.OM 
sodium chloride, bromide, nitrate or acetate, some- 
what decreased by sodium iodide, greatly decreased 
by sodium carbonate, and made slower but otherwise 
unchanged, by sodium sulphate. Sodium chloride was 
used in various amounts as an “inert” salt and 1.7pM 
Co(I1) solutions containing @‘Co tracer, O.lOM so- 
dium thiocyanate and 0.1 OM hydrochloric acid were 
extracted with 50 mg of polymer for 24 hr. 

The increase in extraction (Table 2) is quite large 
and is due to three effects. One is the increase in 
dielectric constant of the aqueous phase, which fa- 
vours the extraction of less polar and more hydro- 
phobic species such as Co(SCN):-. The second is the 
decrease in water activityI as a result of solvating the 
added solute ions; this decreases the solubility of 
Co(SCN):- and shifts the equilibrium towards its 
production. Finally, if the cobalt is sorbed as an 
ion-association complex of Co(SCN):- with two SO- 

dium ions, as is apparently the case at high pH, then 
any sodium salt should increase the extraction (which 
would not be the case for an ion-exchange type of 
mechanism). 

The addition of salts significantly improves the 
extraction of cobalt and suggests that cobalt could be 

extracted efficiently from brine solutions containing 
small amounts of thiocyanate. 

Effect of type of polyurethane foam 

Several different polyurethane foams were tested 
for extraction of cobalt from its 1.7pM solutions 
containing 6oCo tracer, O.lOOM sodium thiocyanate, 
O.lOM sodium acetate/acetic acid buffer and 2.80M 
sodium chloride. As usual, the colour of the foams 
developed rapidly, darkening during several hours in 
parallel with the measured sorption of cobalt. 

The most striking observation from the data shown 
in Table 3 is that the only polyester-type poly- 
urethane foam gave negligible sorption of cobalt, 
compared to the polyether-type foams under the 
conditions used, indicating that the polyol portion of 
the polymer must be very important in the sorption 
of cobalt and that polyesters must be largely unsuit- 
able. 

Several unknown polyether-type foams (of the 
kind used for upholstery) as well as one containing 
carbon black, showed remarkable consistency of 
extraction. Hypol@ polyether foams, which were 
prepared by the manufacturer from mixtures of 
prepolymer and water, gave lower D values. 

One difficulty in evaluating the polyurethane- 
foam extraction process is the general lack of simple 
foams with no additives and of known composition. 
In one case a pair of foams made from a polyethylene 
oxide (PEO)/polypropylene oxide (PPO) co-polymer 
together with a styrene/acrylonitrile co-polymer 
showed a 12% larger D value for the foam with the 
larger fraction of PEO/PPO, although the polyether 
content was 33% greater. Although the polyether 
content of the polymer is important in sorption, site 
accessibility or the positional requirements of the 
polyether may also be important. With three foams 
that were similar except for PPO content the cobalt 
extraction increased as the PEO content increased, 
showing that the polyethylene oxide must play an 
important chemical role in the sorption phenomenon. 

Effect of foam pretreatment 

A systematic study of foam pretreatment was 
made with 1.7pM Co(H) solutions with @‘Co tracer in 
O.lOOM sodium thiocyanate at pH 4.8 (O.lOM sodium 
acetate/acetic acid buffer) and ionic strength 3.00M 
(adjusted with 2.8M sodium chloride). The 50-mg 
pieces of foam were squeezed in a solution of the 
given reagent and then left in contact with it for 18 hr, 
after which they rinsed with an appropriate solvent to 
remove excess of reagent, squeezed dry in filter paper 
and finally dried for 12 hr in a vacuum desiccator. 

The results are given in Table 4. Saturated chlorine 
water turned the foam into a sticky mass and 
45% w/w boron trifluoride solution in diethyl ether 
caused immediate swelling and subsequent dis- 
solution of the foam. In the presence of several 
oxidizing and reducing agents there were no appre- 
ciable increases or decreases in D so preliminary 
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Table 3. Absorption of cobalt by various types of polyurethane foam 

Cobalt 
Foam extracted, 
type Supplier % 

D, 
/.I& 

969 

# 1122 BFG 

# 1338 BFG 

# 1338 BFG 

# 1338 BFG 

# 1338 M 

# 1538 BFG 

# 1831 BFG 

# 2331 BFG 

Qualux* 

Black 

A 

B 

D293lA 

27CGS44-2A 

27CGS44- 1 

27CGS44-3 

Hypol 
(9030-43-l) 
Hypol 
(9131-13-l) 
Hypol 
(9131-33-8) 
Hypol 
(9131-32-l 1) 
Hypol 
(9131-6-1) 
Hypol 
(9281-2-B) 
DiSPo* 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 

unknown polyether 
containing carbon 
black 
60% PEO/PPO co-polymer 
with 40”/, styrenei 
acryloniirile~co-polymer 
80% PEOiPPO co-oolvmer 
with 20% styrene/ a _ 
acrylonitrile co-polymer 
unknown polyether with 
14% tris-(2,3-dibromopropyl) 
phosphate flame 
retardant added 
100% PPO polyether 

8% PE0/92% PPO 
polyether 
14% PE0/86% PPO 
polyether 
unknown polyether 
(FHP 3000 prepolymer) 
unknown polyether 
(FHP 3000 prepolymer) 
unknown polyether 
(FHP 2000 prepolymer) 
unknown polyether 
(FHP 2000 prepolymer) 
unknown polyether 
(FHP 3000 prepolymer) 
unknown polyether 
(FHP 3000 prepolymer) 
unknown polyether 

G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
G. N. Jackson 
Ltd., Winnipeg 
unknown 

Union Carbide 
Corp. 

Union Carbide 
Corp. 

Union Carbide 
Corp. 

Union Carbide 
Corp. 
Union Carbide 
Corp. 
Union Carbide 
Corp. 
W. R. Grace 
& co. 
W. R. Grace 
& co. 
W. R. Grace 
& co. 
W. R. Grace 
& co. 
W. R. Grace 
& co. 
W. R. Grace 
& co. 
Scientific 
Products Ltd. 

85.9 f 0.5 

84.5 + 0.8 

84.6 f 0.4 

84.8 f 0.5 

85.7 f. 0.6 

86.28 + 0.30 

89.4 f 0.8 

88.6 + 0.6 

70.5 + 0.6 

84.3 k 0.5 

70.6 f 0.3 

73.2 k 0.4 

74.6 + 0.5 

1.83 f 0.06 x IO4 

1.63 f 0.08 x IO4 

1.69 + 0.05 x IO“ 

1.72 f 0.06 x IO“ 

1.80 + 0.07 x IO4 

1.86 k 0.04 x IO4 

2.49 k 0.18 x IO4 

2.34 f 0.12 x lo4 

7.17 * 0.14 X 103 

1.60 k 0.05 x lo4 

7.26 f 0.09 x lo3 

8.12fO.14~ lo3 

9.05 * 0.17 x 103 

25.9 + 0.5 1.047 f 0.023 x 10’ 

70.8 + 0.6 7.26 f 0.17 x lo3 

87.1 k 0.4 2.16 + 0.07 x lo4 

55.2 f 0.5 3.69 f 0.05 x 10’ 

63.4 k 0.6 5.17 + 0.10 x 103 

67.6 + 0.5 6.42 f 0.11 x lo3 

63.7 k 0.6 5.24 rtr 0.10 x 10’ 

62.6 + 0.4 4.96 k 0.06 x 10) 

61.3 + 0.4 4.72 f 0.06 x IO3 

0.2 * 0.5 6fl5x loo 

Conditions: 150 ml of solution 1.7 x 10m6M in Co(H), O.lOM in NaSCN, with ionic strength 3.OOM and pH 4.8; 0.050 g 
of foam squeezed for 24 hr (* for 48 hr) at 25.00”. 

observations which had shown changes with hy- 
droxylamine and hydrogen peroxide were probably 
showing solution phenomena. It appears that amine- 
type sites on the foam are either not present in 
significant numbers or not involved in the sorption of 
cobalt, and a weak base anion-exchange type of 
mechanism seems doubtful. 

The sorption of cobalt from solution was made 
markedly slower by the boron trifluoride treatment 
(more noticeably so with those foams exposed to the 

most concentrated solutions). Since BF, is a particu- 
larly good Lewis acid for sites such as polyether 
oxygen atoms, this delay must reflect strong inter- 
action of BF, with the key sorption sites in the 
polyurethane until it is slowly displaced by other 
Lewis bases (e.g., water). The equilibrium value of D 
was increased by this treatment, however, perhaps 
by the generation or freeing of more sites or even 
formation of an adduct. Silicon tetrachloride does 
not have the same effect, because of its easy hydro- 
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Table 4. Effect of foam pretreatment 

Foam 
pretreatment 

Visible 
changes Weight change Cobalt 

fZm 
on treatment, extracted, 

% % log D 

None 
30% H,O, in water 
O.OlM Ce(SO& in 
lM HCl. rinse with O.lM 
HCl 
Cl, saturated solution 
in water 

1 .OM NHzOH . HCl in water 
8.5% H,NNH, in 
water 
2% TiCI, in 0.1 M 

HCl, rinse with O.lM HCI 
99.8% Sic&, rinse 
with ether 

9% BF, in diethyl 
ether,’ rinse with ether 

6.5% HPF, in water 
0.1 M NaB(C,H,), in 
water 
0.1 A4 NaB(C,H,), in 
acetone 
O.OOlM NaB(C,H,), m 
solution rather than 
on foam 

- 
none 
yellowed, 
slightly 
sticky 
yellowed, 
collapsed, 
very sticky 
none 
none 

0 84.6 f 0.6 4.225 k 0.017 
+0.3 84.4 f 0.8 4.206 + 0.022 
-2.6 83.30 f 0.33 4.192 k 0.009 

- 

f0.5 
+0.3 

became deep to.1 

purple 
yellowed, 
slightly 
sticky 
greyed, 
slightly 
sticky 
browned 
none 

+5.0 

-6.4 

f0.4 
+24.0 

slightly 
stiff 

- 

+0.2 

- 

83.9 + 0.5 4.201 f 0.013 
84.5 f 0.5 4.220 f 0.015 

83.7 k 0.5 4.199 +0.014 

83.7 f 0.5 4.179 kO.013 

87.1 & 0.4 4.341 f 0.012 

84.1 f 0.6 4.224 & 0.016 
43.4 * 0.5 3.280 + 0.006 

85.6 + 0.6 4.246 f 0.018 

0.9 f 0.5 1.44 &- 0.25 

Conditions: 150.0 ml of solution 1.7 x 10m6M in Co(U), O.lOM in NaSCN with ionic strength 
3.00M and pH 4.8: 0.050 g of foam rinsed and dried after pretreatment, then squeezed for 
48.0 hr at 25.00”. 

lysis and subsequent removal from the foam in the 
presence of water. 

When sodium tetraphenylborate was used to pre- 
treat the foam, or more notably, added to the solu- 
tion, there was a considerable decrease in the extrac- 
tion. This can be interpreted as the strongly 
preferential sorption of B(C,H,); in place of 
Co(SCN)i- at some form of cationic site in the foam. 
The failure of PF; to interfere similarly at these sites 
is probably because it is not a bulky, hydrophobic 
and highly polarizable anion [as both Co(SCN):- and 
B(C6H& are] and so is not readily accommodated in 
polyurethane. 

Efect of added substances 

In order to simplify interpretation of the results of 
this study, no sodium chloride was added to the 
samples, although the resulting low ionic strength 
necessitated using OSOM thiocyanate to obtain a 
reasonable cobalt extraction. The 1.7pM Co(I1) solu- 
tions with %Zo tracer were buffered with O.lM so- 
dium acetate/acetic acid. High concentrations of 
the test chemicals were used initially and then 
progressively lower amounts tried until the observed 
effect was small. In some cases where there was a 
significant change, the trial was repeated with 1.7mM 
Co(I1) and the absorption spectra were taken shortly 

after preparation and again after 24 hr in order to 
simulate the normal sample-solution preparation. 

The effect of the sodium salts of various anions on 
the cobalt extraction by polyurethane foam is shown 
in Table 5. Part of the effect observed will be due to 
increases in ionic strength and to the presence of the 
additional extractable cation, Na+. However, the 
remainder may result from competitive reactions 
between added ligands and SCN- to form other 
cobalt complexes [which are more or less extractable 
that Co(SCN):-] destruction of the SCN- ligand by 
chemical reaction, competitive sorption of species 
other than Co(SCN):- onto the’ foam or alteration 
of some important solution parameter such as pH. 
For example, sodium nitrate, chlorate and 
perchlorate do not alter the cobalt equilibria but do 
decrease the extraction from that expected for solu- 
tions with the same ionic strength. Large polarizable 
anions such as perchlorate are likely to be extractable 
and interfere by competition for sorption sites. 

Stronger interferences were noted for several an- 
ions which produce stable cobalt complexes which 
are not extracted. 

The effects of many metal ions were examined at 
the lOOO-ppm level and at levels as low as 1 ppm if 
there was an interference. The results are collected in a 
periodic table (Fig. 7). In general the group IIa metals 
cause a minor increase in sorption but Be(I1) forms 
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Table 5. Effect of anions on cobalt absorption 

Anion Source 
Concentration, 

M 
D, 

Wg Observations 

None - 

F- 
Cl- 
Br- 
I- 
NO; 
NO; 
HCO; 
ClO; 
ClO; 
H,PO; 

NaF 
NaCl 
NaBr 
NaI 
NaNO, 
NaNO, 
NaHCO, 
NaClO, 
NaClO,.H,O 
NaH,PO,.H,O 

1.00 
1.00 
1.00 
1.00 
1 .oo 
0.100 
0.100 
1 .oo 
1 .oo 
1 .oo 

1.225 x IO” solution colourless; 
foam blue-green 

3.26 x lo4 
1.5 x 105 1 

two-phase solution 

1.5 x 105 
1.49 x los 
9.8 x lo4 

CN- 

so:- 

so:- 
s,o:- 

NaCN 

Na,SO, 
Na,S,O,SH,O 

0.0100 
0.00100 
1.00 

1 .oo 
1 .oo 

S2- Na,S9H,O 0.100 

CrO:- Na,CrO, 1.00 

1.19 x 104 
1.53 x 104 
1.21 x 105 
9.0 x lo4 
9.1 x lo4 

1.0 x 10’ 
1.13 x 104 
7.02 x IO3 

1.7 x 105 
2.9 x IO5 

4.06 x IO* 

3.39 x 103 

little or no change 
in soectra: Co 
equilibria 
unaltered 

some decrease in 
Co(SCN):- formation 
new unextractable 
complex formed 
new unextractable 
complexes formed 
white precipitate 
precipitation; new 
extractable complexes 
and/or physical 
trapping 
solution turns 
yellow then colourless; 
foam remains white 
possible decomposition 
of SCN- 

CH,COO- NaC,H,0,.3H,O 1.00 7.1 x 104 

c,o:- NaGO, 0.0100 7.55 x lo2 
0.00103 6.51 x lo3 

Tartrate Na,C,H,0,.2H,O 0.100 6.53 x lo3 

Citrate Na,C,H,0,.2H,O 0.100 5.1 x 10’ 
0.00100 8.44 x 1Or 

EDTA Na,C,,H,,O,N,.2H,O 1.00 x 10-S 9.1 x 10’ 
1.00 x 10-6 8.06 x 103 complex formed 

Conditions: 0.050 g of foam squeezed for 24.0 hr at 25.00”; 150 ml of solution 1.7 x 10m6M in Co(H), 
O.lOM in NaSCN, with initial pH 4.8 and ionic strength 0.6M, plus the added salt. 

some new extractable 
complex formation 
new complex formed 

foam green; small 
amount of new complex 
new unextractable 
complex formed 
new unextractable 

No interference 

Weak interference 

q Moderate interference 

q Stmng interference 

U 

m 

Fig. 7. Summary of interference studies with various metal ions. 
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an extractable red thiocyanate complex which inter- 
feres with the cobalt sorption. The apparent increase 
caused by V(V) was due to the ammonium ion from 
the salt used. 

The group Via metals differ considerably in their 
effect, owing to formation of extractable thiocyanate 
complexes.” 

The group VIII metals give a variety of results, 
because of competition for the foam sites or for- 
mation of extractable complexes. 

Gold causes a significant interference with the 
cobalt sorption even at 1 ppm. The group IIb metals 
form thiocyanate complexes and compete for foam 
sites. Of the group IIIb metals, Al(II1) and Tl(1) 
enhance the extraction slightly, and Ga(II1) interferes 
somewhat. Indium forms a highly extractable thio- 
cyanate complex and greatly reduces the cobalt sorp- 
tion. 

number of extraction procedures make use of both 
SCN- and a protonated nitrogen-containing com- 
pound. Most of these test compounds are stronger 
bases than acetate and so will exist in the protonated 
cationic form in the sample solutions (near pH 4.5 
with the acetate buffer). A few, such as tetra- 
methylammonium bromide, are ionic at any pH, and a 
few such as N-methylformamide are very weak bases 
and essentially neutral under these conditions. Pyri- 
dine and aniline are borderline cases and so both 
forms will be present. 

Sn(IV) interferes strongly by co-precipitating co- 
balt with gelatinous SnO,.xH,O. 

Many metals can be extracted as thiocyanate com- 
plexes under these conditions but a thorough exam- 
ination would be required to optimize specific sepa- 
rations or particular co-extractions. 

The effect of several nitrogen-containing com- 
pounds was tested, since cobalt forms a fairly large 
number of complexes with this type of ligand and a 

The data obtained are recorded in Table 6. With 
1 .OM ammonium chloride and hydroxylamine hydro- 
chloride an enhancement occurs, but there is no 
change in the spectra of these solutions so the effect 
must be related to some sorption characteristic of the 
added ions themselves. Most probably NH: and 
NH30H+ are more extractable as counter-ions with 
Co(SCN):- than is Na+. 

The progressive substitution of methyl groups in 
the ammonium ion leads to a steady trend from a 
substantial enhancement with 0.1 OM NH: to a slight 
depression with O.lOM (CH,)IN+. Since the spectra 
show no substantial difference, this again suggests 
that NH: has some special effect on the solvation 
process. When n-butyl groups are substituted in the 
NH:, the opposite effect (from that for the methyl 

Table 6. Effect of nitrogen-containing compounds and cations on cobalt absorption 

Compound/cation Source P&B 

Concentration, D, 
M Ukg 

None 
NH: 

- 

NH,OH + 

CH,NH; 

(CHANH: 

(CH,),NH + 

KHAN + 

CH,CH,NH$ 

H,NCH,NH:+ 

ammonium 
chloride 

hydroxylammonium 
chloride 

methylammonium 
chloride 

dimethylammonium 
chloride 

trimethylammonium 
chloride 

tetramethylammonium 
chloride 

ethylammonium 
chloride 

ethylenediamine 

CH,(CHJ,NH; n-butylamine 
CH,CH,CH(CH,)NH; set-butylamine 

(CHWNH: tert-butylamine 

W,(‘=,),I,NH: di-n-butylamine 

WSOW,I,NH+ tri-n-butylamine 

F=,(CfM,l~N+ tetra-n-butylamine 

CJM’W),NW 
C,H,N&H,NH + 
C,H,NH,/C,H,NH: 
CH,CONH, 
CH,CONH(CHJ 
(CH,)HNCONH(CH,) 
H,NCOOCH,CH, 

n-hexylamine 
pyridine 
aniline 
formamide 
N-methylformamide 
N,N’-dimethylurea 
urethane 

- 
9.95 

5.96 

1.00 

1 .oo 

1.225 x IO4 
3.9 x lo5 

2.4 x lo5 

10.68 0.100 

10.77 0.100 

9.80 0.100 

1.52 x IO4 

1.17 X lo4 

1.13 X lo4 

3.51 x 103 strong 
base 
10.63 

1st 6.85 
2nd 9.93 

10.01 

1.00 

0.100 

0.050 
9.90 x 10-r 

0.100 

1.54 X 104 

1.4 X 10’ 
1.20 x IO4 
3.21 x lo4 

> 

10.60 
10.83 

0.100 
0.100 

1.70 x 104 
1.43 x lo4 

11.25 
11.04 

strong 
base 
10.56 
5.23 
4.60 

small 
small 
small 
small 

0.100 
<<O.lOO 
<<O.lOO 

1.3 x lo5 
2X 106 

4.7 X 10’ 
0.0100 6x 10’ 
0.100 2.6 x IO’ 
0.100 
0.100 
0.100 

7.76 x 10’ 
5.1 X 104 

1.33 X 104 
1.26 x lo4 
1.26 x IO4 

0.100 
0.100 
0.100 1.27 x lo4 

Conditions: 0.050 g of foam squeezed for 24.0 hr at 25.00”; 150 ml of solution 1.7 x IO-‘A4 in Co(H), 0.5M 
in NaSCN with initial pH 4.8 and ionic strength 0.6M, plus the added salt. 
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compounds) is seen, because two phases form in these 
solutions, and also these n-butylamines can act as 
liquid ion-exchangers. This effect is also seen with 
other substances, such as aniline. Ethylenediamine 
interferes since it is a good complexant of cobalt, and 
pyridine interferes by precipitating cobalt, probably 
as Co(CSH,N),(SCN)r. 

A group of very weak bases (formamide, N- 
methylformamide, N,N-dimethylurea and urethane) 
which might mimic types of N-containing groups in 
polyurethane foam, showed no detectable effect, indi- 
cating that the foam-nitrogen ligands are not in- 
volved in the sorption process. 

In general, substances interfere with the extraction 
by formation of less extractable cobalt complexes, by 
decreasing the concentration of available thiocyanate 
ion, by occupying or destroying sorption sites on 
the foam, and/or by affecting the formation of 
Co(SCN):-. An enhancement of extraction occurs 
when more extractable cobalt complexes are formed, 
when the concentration of more extractable cations is 
increased, and/or the solution ionic strength is in- 
creased. 

CONCLUSION 

Cobalt(I1) is extracted very efficiently from aque- 
ous thiocyanate solutions by polyether-type poly- 
urethane foam. Using high thiocyanate concen- 
tration, high ionic strength, low temperature and a 
pH between 1.0 and 9.0 gives distribution coefficients 
as high as 3 x lo6 I./kg. The high distribution 
coefficient, reasonably large capacity, high 
flow-through, and low cost suggest that polyurethane 

foam may find several industrial and analytical appli- 
cations for the extraction of cobalt and other thio- 
cyanate complexes. 
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ral Science and Engineering Research Council of Canada. 
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DIALKYLTIN HOMOLOGUES BY HPLC WITH 

MORIN IN THE ELUENT 
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Summary-A sensitive and selective method has been developed for the simultaneous determination of 
diphenyltin and dialkyltin compounds. The compounds were separated by HPLC on a cyanopropyl- 
bonded silica column with toluene containing l-5% acetic acid, l-5% ethanol or methanol and 0.0015% 
morin. The organotins were eluted as morin complexes and detected by a fluorescence spectrophotometer. 
Detection limits ranged from 1 to 4 pg. Data reported include capacity factors, separation efficiencies and 
linearity of detection. 

Organotin compounds have found widespread com- 
mercial use as pesticides, fungicides and stabilizers of 
plastics. ‘*2 Dialkyltin compounds, especially, have 
been used to stabilize certain plastics against heat and 
light. Studies have shown that both the number and 
kind of organic groups covalently attached to tin in 
the organotin species affect the toxicity.‘s4 The need 
for better analytical methods capable of trace speci- 
ation of various organotin compounds is apparent. 

A variety of analytical techniques and procedures 
have been applied for the determination of organotin 
species. These include atomic-absorption spec- 
trophotometry,5*6 gas chromatography (CC)‘,’ and 
HPLC.9s’o Adsorption and decomposition of di- 
alkyltin compounds is found to be a problem in 
GC.“V’~ HPLC appears to be the most versatile 
method for these compounds. The most common and 
generally sensitive HPLC detectors are the spec- 
trophotometer and fluorimeter, but in most cases 
these are not directly applicable to alkyltin com- 
pounds. HPLC is therefore often combined with an 
element-specific detector such as an atomic- 
absorption spectrophotometer,‘3s’4 flame photometer 

inductively-coupled plasma-emission 
itphotometer (ICP). 

spec- 
‘5~‘6 These approaches need ex- 

pensive equipment, however, and are often far too 
complicated. The separation and determination of 
metals in the form of chelates by HPLC, with ultra- 
violet or fluorescence detection, have found increased 
application.” The metal complexes can be formed 
either prior to injection,” on the column” or post- 
column.20 Separation of dialkyltin dichlorides and 
post-column reaction with mot-in to give a fluorescent 
product has been described,2’ but post-column reac- 
tors are complicated and not available in most labo- 
ratories. 

The aim of this study was to separate trace 
amounts of dialkyltin and diphenyltin compounds 
with ordinary HPLC equipment. This paper describes 

a method requiring only a single HPLC pump and a 
fluorimetric or photometric detector. 

EXPERIMENTAL 

Reagents 

Dibutyltin dichloride was obtained from Fluka AG (Swit- 
zerland). Diphenyltin dichloride, diethyltin dichloride and 
dimethyltin dichloride were purchased from the Alfa Di- 
vision, Ventron Corporation. When necessary, the alkyltin 
chlorides were purified by recrystallization from light pctro- 
leum (b.p. 40-60”). Mot-in (2’,3,4’,5,7-pentahydroxyllavone) 
was obtained from Fluka AG and 3-hydroxyflavone from 
Eastman Kodak Ltd. The toluene used was of glass-distilled 
grade from Rathbum Chemicals. All HPLC solvents and 
the morin and 3-hydroxyflavone solutions were filtered 
through 0.45-pm Millipore filters. 

Apparatus 

The HPLC equipment consisted of a Perkin-Elmer dual 
pump module (Series 2) with a Rheodyne injector, model 
7105. a Perkin-Elmer LC-75 snectronhotometer and a Kon- 
tron spectrophotometer, model SFh;I-23. 

Two prepacked cyanopropyl-bonded silica (5.0 pm par- 
ticle size) columns were used in this study, both obtained 
from Brownlee Labs; one stainless-steel column 
250 x 4.6 mm i.d. and one MPLC? cartridge 100 x 4.6 mm 
i.d. The guard column, 30 x 4.6mm id., also containing 
cyanopropyl-bonded silica (5pm particle size), was of the 
MPLCTM type. The solvent flow-rate was l.Oml/min. 

Procedure 

The diphenyltin and dialkyltin dichlorides were injected 
as hexane solutions (normally 10 ~1). They were eluted with 
toluene containing l-5% v/v acetic acid, l-5% v/v methanol 
or ethanol and 0.0015% morin. Morin is stable in alcohol 
for weeks, and its alcoholic solution was added to the eluent. 
The excitation wavelength of the fluorescence detector was 
set at 420 nm and the emission wavelength at 500 nm. 

RESULTS AND DISCUSSION 

The use of post-column derivative formation be- 
fore detection requires a reaction chamber or mixer 
of high quality. Considerable band-broadening and a 
high noise level are often observed when a con- 
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ventional reaction coil is used. Alkyltin chlorides or 
similar compounds are easily adsorbed by residual 
silanol groups on bonded-phase columns, making 
tailing hard to avoid. The tin atom is, however, 
considerably reduced in reactivity in chelates where it 
is six-co-ordinated. 

Complex formation in HPLC separations can be 
done either prior to injection or on the column. If the 
ligand is not incorporated in the eluent, the complex 
has to be very stable. No dialkyltin complexes suit- 
able for ultraviolet or fluorescence detection were 
found to be stable enough. 

Organotin chelates are generally unstable and 
nearly insoluble in aqueous media. Mobile phases 
containing organic solvents are therefore preferred. 
Cyanopropyl-bonded phase columns have found in- 
creased applicability when normal silica packing is 
unsuitable because of strong adsorption effects. It 
was therefore decided to try a cyanopropyl-bonded 
stationary phase. Recent works have shown that 
these columns are suitable for separations of 
alkyltins2’ and other organometallic compounds.22 

Basic studies of the complexes formed between 
dialkyltins and 3-hydroxyflavone23 and morin2” re- 
vealed that both reagents could be used as complex- 
ing agents. Preliminary studies showed that both 
formed dialkyltin complexes that were sufficiently 
stable for HPLC determination, when the ligand was 
incorporated in the mobile phase. Morin was selected 
for further work because of the high fluorescence 
intensity of the complexes, giving better selectivity 
and sensitivity. 

Toluene was found to be the best major component 
of the mobile phase. The sensitivity for the alkyltin 
complexes when hexane or methanol was used in- 
stead, was only 1 or lo%, respectively, of that when 
toluene was used. Toluene containing small amounts 
of acetic acid, methanol or ethanol and morin was 
found to give good selectivity, high resolution and 

high sensitivity. 
An eluent with 0.0015% morin gave reproducible 

peak heights, which was not the case when only 
0.0010% morin was incorporated in the eluent. Use of 
0.002% did not increase the sensitivity. 

Experiments proved that acetic acid was essential 
in the mobile phase. Hardly any selectivity was 
obtained for dioctyl-, dibutyl- and dipropyltin when 
only ethanol (containing 4% water) was used, and the 
peaks became broad and undetectable with water-free 
ethanol. The retention volume decreased with in- 
creasing amount of acetic acid for all the diorganotin 

chlorides examined, as shown in Fig. 1. 
The alcohol was necessary to obtain reasonable 

sensitivity, which was found to decrease appreciably 
for ethanol content < 1%. A high degree of tailing 
was observed when the alcohol was replaced by 
another modifier such as ethyl acetate. 

Table 1 shows the capacity factors and resolutions 
when methanol, ethanol and propan-l-01 were used 
as modifiers of the mobile phase. A high degree of 

Acetic acid (%) 

Fig. 1. Effect of the acetic acid content in the mobile 
phase on the separation of diphenyl- and dialkyltin com- 
pounds. Column: 30 x 4.6 mm bore + 250 x 4.6 mm bore 
cyanopropyl-bonded column (Brownlee Labs.) Mobile 
phase: toluene, x% acetic acid, 3% ethanol (4% water), 
0.0015% morin. n , Oc,StQ; 0, Bu,SnCI,; 0, Pr,SnCl,; 

0, Ph,SnC&; x , Et,SnCl,; A, Me,SnCl,. 

tailing and low sensitivity were observed for diethyl- 
tin and especially for dimethyltin with propan-l-01. 
Methanol and ethanol (4% water) gave about the 
same resolution (Figs. 2 and 3) but the sensitivity 
was about 50% higher with methanol, except for 

I 1 I I / I I I I 
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Fig. 2. Chromatogram of diphenyl- and dialkyltin com- 
pounds. Column as for Fig. 1. Mobile phase: toluene, 3% 
acetic acid, 2% methanol, 0.001570 morin, flow-rate 
1 .O ml/min. Peaks: 1 = Oc,SnCl, (60 ng); 2 = Bu,SnCl, 
(60 ng); 3 = Pr,SnCl, (60 ng); 4 = Ph,SnCI, (20 ng); 
5 = Et,SnCl, (60 ng); 6 = Me,SnCl, (I 20 ng). Amounts of 

each compound injected are given in parentheses. 
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Fig. 3. Chromatogram of diphenyl- and dialkyltin com- 
pounds. Column: 30 x 4.6 mm bore + 100 x 4.6 mm bore 
cyanopropyl-bonded column (Brownlee Labs.). Mobile 
phase: toluene, 3% acetic acid, 2% ethanol (water-free), 1% 
ethanol (4% water), 0.0015°/0 morin, flow-rate 1 .O ml/min. 
Peaks: 1 = Oc,SnCl, (3 ng); 2 = Bu,SnCl, (3 ng); 
3 = Pr,SnCl, (3 ng), 4 = Ph,SnCl, (1 ng); 5 = Et,SnCl, 
(3 ng); 6 = Me,SnCl, (8 ng). Amounts injected are given in 

parentheses. 

dimethyltin, for which a threefold increase in peak 
height was observed. The capacity factor for diph- 
enyltin was particularly sensitive to the water content. 
Maximum resolution can be obtained by regulation 
of the water content, though the optimal conditions 
may vary from one column to another, even with the 

same packing material. Change in the resolution is 
also observed with both methanol and ethanol after 
prolonged use of the column. 

Ethanol P/d 

Fig. 4. Effect of the ethanol content of the mobile phase on 
the separation of diphenyl- and dialkyltin compounds. 
Column as for Fig. 1. Mobile phase: toluene, 2% acetic acid, 
x% ethanol (4% water), 0.0015% morin. n , Oc,SnCl,; 0, 
Bu,SnCl,; 0, Pr,SnCl,; 0, Ph,SnCl,; x , Et,SnCl,; A, 

Me,SnCl,. 

The retention volume decreased with increasing 

ethanol content for all the diorganotin chlorides 
examined, except dimethyltin (Fig. 4). The capacity 
factor for dimethyltin was halved when the ethanol 
level was raised from 1 to 2% (2% acetic acid). With 
higher ethanol content less reduction was observed, 
and the retention volume increased again at ethanol 
concentrations above about 5%. 

Very good resolution of diphenyltin and all the 
dialkyltins examined can be achieved within less than 
10 min with isocratic elution on a IO-cm analytical 
column containing only 2700 theoretical plates (Fig. 

Table 1. Chromatographic parameters for different mobile phase modifiers (mobile 
phase: toluene, 3% acetic acid, x% alcohol, 0.0015% morin) 

3% Ethanol 3% Ethanol 

Diorganotin 
3% n-Propanol (0.03% H,O) (0.12% H,O) 2% Methanol 

dichloride k’* R,t k’ R, k’ R, k’ R, 

Oc,SnCI, 0.30 0.30 0.40 0.40 
3.6 3.3 4.2 4.0 

Bu,SnCl, 0.63 0.63 0.83 0.80 
1.4” 2.2 3.0 2.6 

Pr,SnCl, 0.90 0.87 I .20 1.10 
0.8 0.9 3.8 2.6 

Ph,SnCl, 0.80 0.97 1.77 1.43 
4.6b 4.3 2.4 3.8 

Et,SnCl, 1.90 1.53 2.13 1.93 
6.8 5.7 7.4 7.4 

Me,SnCI, 5.73’ 3.90d 5.10 4.27 

*k’ = 
VR - vo -; V, = 3.0 ml 

V0 
tR,= VII+, - V” 

w(vw”+, + VW,) 
a R, between Bu,SnCl, and Ph,SnCl,. 
b R, between Pr,SnCl, and Et,SnCl,. 
c Extremely broad band. 
d Quite broad band. 
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Table 2. Relative fluorescence intensities and relative peak 
heights for some diorganotin dichlorides (mobile phase: 
toluene, 5% acetic acid, 3% ethanol, 0.0015% morin, sample 

injected 100 ng) 

Relative Relative 
fluorescence peak 

Diorganotin 
intensity* heights 

dichloride per g per mole per g per mole 

Oc,SnCl, 30.3 36.7 51.0 61.7 
Bu,SnCl, 34.9 30.8 52.1 46.0 
Pr,SnCl, 36.9 29.6 48.5 38.9 
Ph,SnCl, 100.0 100.0 100.0 100.0 
Et,SnCl, 39.8 28.7 42.3 30.5 
Me,SnCl, 51.4 32.8 16.0 10.2 

*Injected without use of any column. 
t30 x 4.6 mm bore + 250 x 4.6 mm bore cyanopropyl- 

bonded column (Brownlee Labs). 

3), (flow-rate 1 .O ml/min). Increasing the flow-rate to 
2.0 ml/min gave band-broadening. Better resolution 
within the same time can be obtained with gradient 
elution, with increasing acetic acid content of the 
mobile phase. A broad band is often observed, 
however, because of the alteration of the equilibrium 
of adsorbed morin on the column. 

Thorough deaeration of the mobile phase is nor- 
mally recommended, when using fluorescence de- 
tection, because of the quenching effect of oxygen, 
but it increased the noise-level in this case, because of 
an increase in the fluorescence intensity of the morin, 
so deaeration was omitted. 

The relative fluorescence intensities of the diph- 
enyltin- and dialkyltin-morin complexes are given in 
Table 2. The dialkyltin complexes all produced about 
the same fluorescence per mole, but only about 30% 
of that of the diphenyltin complex. 

The linearity of the calibration graphs was checked 
by injecting 10 /*l of standard mixtures of diphenyltin 
and dialkyltin chlorides (0.001-100.0 pg/ml) in hex- 
ane. They were linear up to at least 1 pg. The 
correlation coefficients were in all cases found to be 
>0.998. 

Detection limits ranged from 1.0 pg for diphenyltin 
dichloride to 4.0 pg for dimethyltin dichloride, when 
the “High HV” mode of the detector was used and 
the detection limit taken as twice the noise level. An 
MPLCTH IO-cm cartridge was then used with a 
mobile phase of toluene, 3% acetic acid, 2% water- 
free ethanol, 1% ethanol (4% water) and 0.0015% 
morin. 

The dialkyltin dichloride solution could be pre- 
pared in hexane or toluene. Hexane seemed to be the 
best choice. The solvent peak was then well separated 
from the dioctyltin peak. This was not the case for 
toluene, the capacity factor being close to that for 
dioctyltin. No higher sensitivity or better resolution 
could be observed when the morin complexes were 
prepared before injection. The complexes seemed to 
remain stable for days, except the diphenyltin com- 
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Suuuuary-The method proposed by Armstrong, Williams and Strickland for the photo-oxidation of total 
nitrogen in sea-water to nitrate and nitrite has been studied in some detail, to extend its use to fresh and 
brackish waters, applying a more accurate method for the determination of the reaction products. 
Variables influencing the yield of nitrate and nitrite are irradiation time, pH and type of buffer, kind of 
nitrogen compound and its concentration, and the concentrations of oxygen, carbon dioxide, organic 
matter and salts, especially bromides, even at the low concentrations found in brackish waters. All these 
variables interact in a rather complicated way. Interferences from halides, organic matter and carbon 
dioxide are considerably reduced by ensuring that the pH is kept at 8.5-9 during the irradiation. Because 
pure solutions of many substances give quantitative yields (2 98%) in the pH-range 7-9 usually 
recommended, whereas others require lower pH for maximal oxidation, a method has been developed 
involving photo-oxidation first at pH 2.1 and then at pH 8.5-9. In the absence of interfering concen- 
trations of halides the relative increase in yield by an initial irradiation at low pH is especially large 
(10-36x) for proteins, organic nitrogen in fresh waters, uric acid and urea. A comparison is made between 
determination of total nitrogen in some natural waters by using photo-oxidation and by a Kjeldahl 
method modified to give total nitrogen. By making use of the optimal conditions presented in this paper, 
a negative error of less than 8% is expected in the determination of total nitrogen in fresh waters. For 
saline waters the error will probably be larger, at least at a high ratio of organic to inorganic nitrogen. 

Armstrong et al.’ proposed a method for the deter- 
mination of nitrogen and phosphorus in sea-water, 
based on photo-oxidation of the sample by ultra- 
violet radiation from a 1200-W high-pressure 
mercury-arc lamp. In the presence of an excess of 
oxygen ensured by addition of hydrogen peroxide, 
ammonia and many organic nitrogen compounds 
were quantitatively oxidized after 3 hr of irradiation, 
to give a mixture of nitrate and nitrite. Strickland and 
Parsons’ recommend this method for sea-water “even 
although there are some inherent errors and a doubt 
exists as to its applicability to certain nitrogenous 
compounds”. Photo-oxidation by means of a 
mercury-arc lamp of lower power (380 W) was stud- 
ied by Armstrong and Tibbitts.3 They reported 98% 
oxidation of the nitrogen compounds in sea-water 
after irradiation for 12 hr. Henriksen4 adapted the 
photo-oxidation method to the determination of 
nitrogen, phosphorus and iron in fresh water. Also 
working with fresh water, Afghan et al.’ observed 
that certain nitrogen compounds were quantitatively 
oxidized within a reasonable time only in acid solu- 
tion, while others required an alkaline medium. This 
led to the development of methods5s6 based upon 
irradiation in two steps, first in acid and then in 
alkaline solution. Contrary to these authors, Manny 
et a2.’ irradiated the samples only at pH 4 and made 
separate determinations of the oxidation products 
formed, ammonia, nitrite and nitrate. 

Some problems arose when we wanted to apply the 
photo-oxidation method to brackish water. There 

seemed to be some interferences not observed by 
other authors.‘-’ We soon found that the large range 
of pH recommended by Strickland and Parsons 
(G-8.5) and Henriksen4 (6.5-9) may lead to large 
errors because the interference from some substances 
is very dependent on pH. We also wanted to know 
whether the method mentioned above, using irra- 
diation in two steps, could be adapted to sea-water 
analysis. Using a thoroughly investigated method8z9 
for the determination of the nitrate-nitrite mixture 
formed we undertook a detailed investigation of the 
factors influencing the photo-oxidation and made a 
comparison between irradiation at a certain pH and 
the more laborious method involving irradiation first 
in acid and then in alkaline medium. 

EXPERIMENTAL 

Equipment 

The photo-oxidation was performed with equipment sim- 
ilar to that described by Henriksen, consisting of a 900-W 
high-pressure mercury-arc lamp mounted axially in an 
aluminium-sheet cylinder provided with a cooling fan at its 
lower end. Twelve silica tubes (27 mm outside diameter), 
each containing 100 ml of sample, were placed in a circle 
about 70 mm from the lamp. The temperature stabilized at 
80-85” in the upper part of the solutions after prolonged 
irradiation. 

Reagents 
Water. For dilution of solutions intended for irradiation 

the ordinary distilled water was further purified by passing 
it through a column of Dowex 50 W cation-exchanger, 
H+-form. Its nitrogen (N) concentration was thus reduced 
from 0.4 to 0.15 PM. 
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“Double sea-water” (DSW). This was prepared from 
specially purified reagents and had the following com- 
position: -0.960M NaT, 0.0212M Ca2+, 0.109M-Mg2+, 
0.0227M K+. 1.121M Cl-. 0.060M SO:- and 0.00168M 
Br-. Diluting this solution’with an equal volume of water 
gives a synthetic sea-water of 3.5% salinity, containing the 
major constituents except strontium, bicarbonate, borate 
and fluoride. 

Hydrogen peroxide, 30%. Perhydrol, Merck No. 7210, 
stabilized for higher storage temperature was preferred to 
the ordinary reagent grade, No. 7209, because it had a 
considerably lower -nitrogen content, only 0.016 
0.025 nmole of N per ml compared to 0.29 pmole of N per 
ml in ‘Perhydrol N-o. 7209. The nitrogen content was deter- 
mined after decomposition of the hydrogen peroxide by 
boiling an acid solution (5 ml of Perhydrol in 40 ml of 
0.002M sulphuric acid) for about 1 hr in the presence of a 
platinum grid. 

Regarding solutions used in the reduction of nitrate and the 
spectrophotometric determination qf nitrite, see Nydahl.8s In 
solutions of undejined substances, e.g. meat peptone and 
proteins, the nitrogen content was determined by Kjeldahl 
digestion according to the A.O.A.C.‘” before the final 
dilution. Tests of the Kjeldahl procedure on p-amino- 
benzoic acid and glycine gave relative errors within + 0.2%. 

Blanks. The total blank for the whole procedure (Method 
A) was 0.026 pmole of N (s = 0.006, n = 14) with use of 
purified water and 0.039 pmole of N (s = 0.012, n = 8) with 
synthetic sea-water of 3.5% salinity. 

Procedures 

Method A-One-step photo-oxidation. To each of the 
samples, generally containing 2 pmoles of N, were added 
50 pmoles of borax and 0.30 ml of Perhydrol. followed by 
dilution to 95 ml and mixing. The tubes were then covered 
with glass caps, irradiated for 3 hr, and allowed to cool to 
room temperature. The solutions were quantitatively trans- 
ferred to IOO-ml standard flasks each containing 1 mmole of 
Tris-buffer and the calculated amount of alkali or acid to 
adjust the pH to 8.2, and were diluted to volume. The 
nitrate-nitrite mixture produced was then analysed accord- 
ing to Nydahl,8,y with use of electrolytically precipitated 
cadmium for the reduction of nitrate to nitrite before the 
differential spectrophotometric determination.8,” The ab- 
sorbance of the solutions was measured against a standard 
nitrate solution, usually 20pM, which contained the same 
buffer and salts as the samples and was reduced in the same 
column. 

Method B-Two-step photo-oxidation. The irradiation 
was performed in two steps, first at pH 2.1 (0.50 mmole of 
sulphuric acid added) for 1 hr and then at pH 9 for 3 hr after 
addition of 0.30 ml of Perhydrol and a buffer solution 
containing 50 pmoles of borax and enough sodium hydrox- 
ide to neutralize the previously added sulphuric acid and the 
acids (H&O, etc.) formed during the irradiation. The 
analysis was continued as in Method A. 

RESULTS AND DISCUSSION 

Reduction-step errors 

To obtain rapid photo-oxidation it is essential to 
use an adequate amount of hydrogen peroxide in 
order to produce a high concentration of oxygen. 
Irradiation accelerates the decomposition of the 
hydrogen peroxide; it was found that less than 0.01% 
remained after 1 hr. Notwithstanding the high tem- 
perature the solution may remain supersaturated with 
oxygen even after prolonged irradiation time and this 
large excess must be removed before the reduction in 
the cadmium column. Otherwise the reduction of 

oxygen would lead to a deleterious production of 
cadmium ions, and cadmium hydroxide would 
precipitate and decrease the efficiency of the column 
(cJ Nydahl’). With use of 0.30 ml of Perhydrol and 
an irradiation time of 3 hr, interfering concentrations 
of oxygen were occasionally observed if the solutions 
were rapidly cooled after irradiation and immediately 
analysed for nitrate and nitrite, but if the solutions 
were left in the reactor until the next day no such 
problems arose. If necessary, an excess of oxygen can 
easily be removed by shaking and aeration. Contrary 
to other authors,2A it was found that reagent-grade 
hydrogen peroxide may contain significant concen- 
trations of nitrogen compounds. 

Without due attention to pH, chloride concen- 
tration and flow-rate, the errors introduced in the 
reduction step may be quite large (cJ Nydahl*), 
especially for copperized cadmium, which is com- 
monly used on account of its high rate of reduction. 
Differences in composition (pH, concentration of 
chloride and nitrite) between the irradiated sample 
and the nitrate standard used for calibrating the 
reduction step may lead to errors, positive or negative 
depending on the differences and on the flow-rate 
used. The thoroughly investigated reduction method 
used in the present paper gave for both nitrate and 
nitrite a nitrite yield of 299.5’% at low salt content, 
and about 99% for synthetic ocean water. The error 
in the determination of nitrate + nitrite did not ex- 
ceed 0.3% for l-2 pmoles of nitrogen and any larger 
errors found can therefore be attributed to the photo- 
oxidation step. 

One-step photo-oxidation 

Eflect of pH and bufSer type. In our experiments, 
generally with boric acid-borax buffer, irradiation for 
3 hr gave quantitative ( 2 98%) yields from ammonia, 
glycine, EDTA, 8-hydroxyquinoline and n-butyl- 
amine within the pH-range 7-9, but the yield was 
reduced at lower pH. Other substances, e.g., urea and 
p-aminobenzoic acid, required lower pH for quan- 
titative oxidation and therefore gave large negative 
errors at pH > 7. Nitrogen compounds containing 
nitrogen-to-nitrogen bonds gave extremely low 
yields-Methyl Orange only 35% (and hydrazine 
sulphate only 5% by Method B)-presumably on 
account of losses as free nitrogen. Natural waters, 
however, are not likely to contain significant concen- 
trations of such compounds. The behaviour of urea 
is particularly interesting. Armstrong et al.,’ who 
performed the irradiation of sea-water at pH 8, state 
that urea is only partly oxidized to give nitrate. Using 
a similar apparatus, Semenov et aL6 found that urea 
was 80% oxidized at pH 4, whereas hardly any 
nitrate-nitrite mixture was formed at pH 9. The 
remarkable resistance of urea to photo-oxidation is 
also shown by Armstrong and Tibbitts,3 who report 
that urea required 24 hr for nearly complete 
oxidation, double the time necessary for other nitro- 
gen compounds. We obtained quantitative oxidation 
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of urea at pH 4-6, but low and erratic yields at higher 
pH. The great influence of pH in the presence of 
halides is described later on. 

It is usually recommended to buffer the solution 
with sodium bicarbonate. For some substances (urea, 
creatinine and guanidine) the yields were 15-45% 
lower with XSlOO~moles of this buffer than with 
borax buffer of the same pH. 

Effect of organic mutter. Organic matter may inter- 
fere in various ways. Apart from a conceivable 
specific effect, it consumes oxygen, which may lower 
the oxidation rate, and carbon dioxide is formed 
which lowers the pH, the more so the more poorly the 
solution is buffered; at low pH carbon dioxide also 
lowers the oxidation rate, as shown by other experi- 
ments. It might be expected that addition of still more 
hydrogen peroxide would increase the oxidation rate, 
partly on account of the higher concentration of 
oxygen and partly by partial removal of carbon 
dioxide with the excess of oxygen escaping from the 
hot solution. 

To test these predictions some experiments were 
performed with sucrose as model organic matter. The 
results are given in Fig. 1. Theoretically, 0.30 ml of 
Perhydrol should be sufficient for the complete 
oxidation of as much as 120 pmoles of sucrose. In 
spite of the large excess of oxygen there was a 
decrease in yield for the oxidation of glycine in the 
presence of even moderate amounts of sucrose (curve 
A). The effect of increasing the irradiation time to 
5 hr (curve B) was slight, but if at the same time the 
amount of Perhydrol was doubled (curve C), the 

t I I 1 I I 
10 20 30 ‘lo 50 60 

Fig. 1. Effect of sucrose on the photo-oxidation of 2 pmoles 
of glycine (10 pmoles of sucrose in 95 ml corresponds to a 
COD of 40 mg of oxygen Per litre). Curves A and B: 0.30 ml 
of Perhydrol, 50 pmoles of borax; (A) 3 hr, (B) 5 hr irra- 
diation. Curves C and D: 0.60 ml of Perhydrol, 5 hr irra- 
diation; (C) 50 pmoles, (D) 150 pmoles of borax. Curve E: 
0.30 ml of Perhydrol, 150 pmoles of borax, 3 hr irradiation. 
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Fig. 2. Effect of salt concentration and pH on the photo- 
oxidation of 2 pmoles of ammonium chloride. DSW added: 

0, 2, 10 and 50ml. 

values became considerably higher. Still more sucrose 
could be tolerated if the pH was kept higher during 
the irradiation by using 150 instead of 50 pmoles of 
borax (curve D). Unfortunately it is possible to use 
this large quantity of borax only in samples low in 
calcium and magnesium, e.g., most lake waters, 
because at higher levels their borates will precipitate. 
Further experiments showed that the interference 
from sucrose was similar for meat peptone and also 
for glycine in synthetic sea-water of 3.5% salinity. 

Effect of bromide and chloride. In this study five test 
substances were chosen as representatives of different 
groups of nitrogen compounds in natural waters 
(meat peptone as a representative of the decom- 
position products of proteins). Different dilutions of 
DSW were used to obtain solutions of various salini- 
ties. 

(i) Ammonia. As shown in Fig. 2, the yield was very 
dependent on pH in saline solutions. Pure solutions 
of ammonium chloride gave quantitative yields in the 
whole pH-range tested. In saline solutions the yield 
was about 98% at pH 9-9.5 at all three dilutions of 
DSW, but the yield decreased with decreasing pH, the 
more the lower the salinity. Obviously, there must be 
a salinity that will cause a minimum in yield in the 
lower pH-range. Figure 3B shows that such a min- 
imum was obtained at a salinity of about 0.15% (2 ml 
of DSW added) when irradiation was performed at 
pH 7. In Fig. 3 a comparison is made between the 
yields found at pH 7 and 9 for sodium chloride 
solutions and synthetic sea-waters. At pH 9 the yield 
was fairly independent of the salt concentration but 
at pH 7 large negative errors were obtained, 
especially in the presence of DSW. 

Experiments proved that these low yields were 
caused by losses of nitrogen, presumably as free 
nitrogen, and not by a decrease in the rate of 
photo-oxidation. The difference between the effects of 
sodium chloride and synthetic sea-water are fully 
explained by the bromide content of the latter. Figure 
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Fig. 3. Photo-oxidation of 2 pmoles of ammonium chloride at pH 7.0 and 9.0 in the presence of 
0.02-50 ml of 1.12M NaCl (A) or DSW, 1.12M in Cl- (B). The insert is an enlargement of the first part 

of curve B, pH 7. 

4 shows the yields obtained when 2 pmoles of ammo- 
nium chloride were irradiated in solutions of chloride 
and bromide. Generally a certain concentration of 
bromide caused increased losses of ammonia- 
nitrogen as the chloride content decreased. The val- 
ues agree well (within 2%) with the corresponding 
yields obtained in the presence of synthetic sea-water 
of the same halide content. Thus the other salts in 
synthetic sea-water have insignificant effect in this 
respect. At least part of the negative errors obtained 
without any addition of potassium bromide may be 
attributed to traces of bromide in the sodium chloride 
reagent used. It is well known that hypobromite may 
oxidize ammonia and amino groups to free nitrogen 
and it seems probable that a similar reaction may 
cause the losses found here. At the minimum shown 
in Fig. 3B, the concentrations of bromide and nitro- 
gen are of the same order of magnitude. Hydrogen 
peroxide had no specific effect on the bromide- 
nitrogen reaction, as shown by irradiating saline 
solutions saturated with oxygen as a substitute for 
addition of hydrogen peroxide. This gave about the 
same losses at pH 7 as in the presence of hydrogen 
peroxide. 

(iii) Meat peptone. The photo-oxidation of meat 
peptone in synthetic sea-water was fairly independent 
of pH and of the concentration of peptone-nitrogen 
(Fig. 5). 

(iv) Urea. In contrast to other substances in- 
vestigated, urea gave much higher yields at pH 7 than 
at pH 9 in the presence of halides. At pH 7 the 
negative influence of halides was smaller, the lower 
the concentration of urea. As with meat peptone, 
there was a general decrease in yield with increasing 
salinity; no minimum was observed. 

‘00 t 0 

The necessity of maintaining sufficiently high pH 
during the irradiation of saline waters is less pro- 
nounced at lower concentration of ammonia, as 
demonstrated in Fig. 5 where the yields for 
0.1-2 pmole amounts of ammonia at pH 7.2 and 9.0 
are shown. 

(ii) Glycine. The influence of halides and nitrogen 
concentrations at different pH-values (7 and 9) 
on glycine was similar to that on ammonia, although 
the minimum in yield at pH 7 for a salinity of 0.15% 
was less pronounced (78% compared to 73% for 
ammonia). 

I O o- / I I 

49 50 

1.68 mM KBr I ml 1 
Fig. 4. Effect of chloride and bromide on the photo- 
oxidation of 2 pmoles of ammonium chloride at pH 7; 
1.12M NaCl added: 0 (O), 0.5 (0). 2 (m) and 50 (A) ml. 
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Fig. 5. The yield as function of the nitrogen concentration 
in the presence of 2 ml of DSW; 0.1-2 pmole amounts of 
ammonia-nitrogen (A) or peptone-nitrogen (B) irradiated at 

pH 7.2 and 9.0. 

(0) Nitrate. For nitrate, small losses of nitrogen, 
proportional to the irradiation time, were observed in 
spite of the high oxygen content. These losses (1% for 
irradiation for 4hr) were independent of salinity. 

Two-step photo-oxidation 

Method A with irradiation for 3 hr at pH 9 gave 
low yields (SS-88%) for some proteins (gelatine, milk, 
white of a hen’s egg, pepsin). This is of special 
interest, as to a large extent organic nitrogen 
compounds in natural waters may be proteins or their 
decomposition products. Attempts to increase the 
yield by using longer irradiation times, more hydro- 
gen peroxide or pH 7 instead of pH 9 were un- 
successful, nor did dilution of the samples (0.2 pmole 
of N taken) significantly increase the yield. 

Preliminary experiments. Preliminary experiments 
on gelatine showed that it was possible to increase the 
yield by performing the irradiation in two steps, first 
in acid medium and then at pH 9 for 3 hr after 
addition of hydrogen peroxide. When the first irra- 
diation (for 1 hr) was performed in the presence of 
0.01,0.05,0.1,0.2 or 0.5 mmole of sulphuric acid, the 
final yields were 92.8, 94.6, 95.1, 94.5 and 97.2x, 
respectively. The positive effect of a decreasing pH in 
the first step was still more pronounced if the solution 
contained halides. At a salinity of 0.15% acidification 
with 0.05, 0.2 and 0.5 mmole of sulphuric acid gave 
final yields of 70.5, 85.0 and 90.8%. Other experi- 
ments showed that not much was gained by using still 
larger amounts of acid. For practical reasons 
0.5 mmole of sulphuric aid was therefore found to be 
adequate. Addition of hydrogen peroxide before the 

irradiation in acid medium decreased the yield if 
halides were present. 

Reaction products found after irradiation at pH 2.1. 
Ammonia, glycine, N-acetylglycine, meat peptone 
and caffeine were irradiated for 1 or 3 hr at pH 2.1 
(0.5 mmole of sulphuric acid added) in the absence or 
presence of hydrogen peroxide (29 experiments). 
After cooling, the solutions were analysed for ammo- 
nia by an indophenol blue method,‘* and for nitrate 
and nitrite. Only 0.3% of the nitrogen added was 
found as nitrite. Ammonia remained as such. 
Glycine-nitrogen was mostly converted into ammo- 
nia; only 2-5% was found as nitrate. When the amino 
group was protected by acetylation (N-acetylglycine) 
the yield of nitrate was increased to 27-33x. The sum 
of inorganic nitrogen was 98-100°/0 for ammonia, 
glycine and N-acetylglycine, the higher values gener- 
ally being obtained with the longer irradiation time. 
For the more complicated substances caffeine and 
meat peptone, the formation of ammonia and nitrate 
proceeded more slowly, their relative amounts varied, 
and the sum of inorganic nitrogen was only 84-95x. 

These experiments show that nitrogen remaining 
after irradiation in acid medium is present as ammo- 
nium, nitrate and incompletely mineralized organic 
nitrogen. A second irradiation at high pH is therefore 
necessary (Method B). 

Comparison between Method A and Method B 

In Table 1 a comparison is made between methods 
A and B for some well-defined chemical compounds 
and for some proteins or their partial decomposition 
products in the absence of interfering substances. In 
all cases method B gave higher yields, the relative 
increase being especially large for caffeine (35%), uric 
acid (31x), urea (36%) and proteins (about 10%). 
Experiments proved that the lower yield obtained 
with method A could not be caused by the shorter 
total irradiation time. 

As might be expected from our earlier results 
(one-step photo-oxidation) an initial irradiation in 
acid medium caused large losses of ammonia- 
nitrogen if halides were present (see Table 2). These 
losses could be prevented by the addition of 1 pmole 
of sucrose and it seems probable that organic matter 
present in natural waters is also beneficial in this 
respect. For the other substances listed in Table 2 the 
yields were about the same with both methods (A and 
B) in the presence of halides. 

Experiments not recorded here showed large inter- 
ference from halides if hydrogen peroxide was added 
before the irradiation at pH 2.1. 

In order to elucidate the applicability of photo- 
oxidation to natural waters, some samples, filtered 
through 0.4%pm Millipore filters, were analysed by 
both photo-oxidation and a Kjeldahl methodI 
modified to give the sum of nitrate, nitrite, ammonia 
and organic nitrogen. The principal features of this 
method were: oxidation of nitrite to nitrate with 
bromate, added before the sulphuric acid, reduction 
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Table 1. Comparison between methods A and B in the absence of interfering substances: 
2nmoles of N taken; s indicates standard deviation, n number of determinations 

Irradiated substance 

Method A Method B 

Mean Mean 
yield, “/;, .r n yield, % s n 

Gelatine 85.2 2.9 7 97.2 0.4 2 
White of hen’s egg 87.8 0.8 3 94.5 0.7 4 
Milk, 0.5% fat 87.8 1.5 3 95.1 0.7 4 
Pepsin, Merck 1: 3000 86.9 1.2 3 95.5 1.6 3 
Meat peptone, Merck 93.6 0.7 2 97.1 0.7 2 
Caffeine 70.0 1.6 2 94.2 1.6 3 
Creatinine 90.6 3.9 2 94.6 2.0 2 
2,2’-Bipyridyl 94.3 1 97.8 0.6 3 
Hexamethylenetetramine 86.9 - 1 97.6 1 
Uric acid 49.3 1.2 2 64.6 1.4 2 
Urea 73 22 3 99.2 0.2 2 
p-Aminobenzoic acid 90.5 2.2 2 97.3 0.1 2 

of nitrate to ammonia with Cr(II)-Ti(II1) in the 
absence of oxygen, evaporation and Kjeldahl 
digestion. As the method permitted large samples to 
be taken, the ammonia formed could be determined 
by acidimetric titration after distillation. The results 
are presented in Table 3, which also includes values 
for Cl-, COD, NH:, NO; and NO;. For two of the 
samples (10 and 14) it was found that addition of 
0.05 ml of Perhydrol before irradiation at pH 2.1 
increased the yield considerably but, as expected from 
earlier experiments, such an addition led to rather 
large relative losses of nitrogen for the brackish 
samples. Compared to the values for total nitrogen 
obtained with the thoroughly tested Kjeldahl method 
used: photo-oxidation gave for the fresh water sam- 
ples a mean yield of 89.7% with method A and 95.4% 
with method B modified by addition of 0.05 ml of 
Perhydrol before the irradiation at pH 2.1 (method B* 
in Table 3). As the fresh water samples are essentially 

of the same kind it is possible to treat the results 
obtained for them statistically. Applying the t-test 
shows that the photo-oxidation methods gave 
significantly lower values (confidence level about 
99%) than the modified Kjeldahl method. Besides, the 
difference between the means obtained by method B* 
and either of methods A and B is significant at the 
95% confidence level. For the brackish samples, 
which were very low in ammonia and nitrate, the 
relative errors were larger with both photo-oxidation 
methods. If the effect on organic nitrogen is consid- 
ered, the advantage of method B* for fresh waters is 
even more apparent. The mean relative change in 
yield of organic nitrogen by use of method B* instead 
of method A was + 13% for the fresh water samples 
in Table 3. As it is possible to determine ammonia and 
nitrate + nitrite with fairly high accuracy, the error in 
organic nitrogen will mostly depend on the analysis 
for total nitrogen. 

Table 2. Effect of salinity on methods A and B; 2 nmoles of N taken 

Yield, % 

Irradiated substance 

DSW 
added, 
ml Method A* 

Method B 
Sucrose added 
none 1 nmole 

Ammonium chloride 0 98.7 99.3 99.4 
2 98.2 97.9 71.3 96.5 

50 95.1 98.5 77.7 95.7 
Glycine 0 100.5 - 99.3 - 

2 97.9 96.5 95.1 - 
50 95.4 97.4 95.7 95.9 

Urea 0 93.1 55.5 99.2 99.1 
2 62.7 45.1 69.4 39.6 

50 49.8 51.1 - - 
Meat peptone 0 93.2 94.0 97.1 - 

2 92.1 91.5 91.6 90.3 
50 86.8 89.8 - - 

Gelatine 0 85.2 -- 97.2 93.5 
2 88.1 - 90.8 91.1 

50 87.0 89.9 91.0 
p-Aminobenzoic acid 0 90.5 97.3 - 

2 - 95.1 - 
Hexamethylenetetramine 0 86.9 - 97.6 - 

2 XC 1 x9.4 

*No sucrose added, separate determinations. 
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Table 3. Comparison between photo-oxidation (sample volume 13-75 ml containing about 2 pmoles of N) and the modified 
Kjeldahl method for total nitrogen (sample volume 175-800 ml) applied to some natural waters; the yields obtained with 
the photo-oxidation methods are expressed as percentages of total nitrogen; the modified Kjeldahl method is reported’r 
to give a mean yield of 99.5% (S = 0.6%, n = 16) when applied to synthetic waters containing glycine or meat peptone 

together with ammonium, nitrate and nitrite 

Yield, % 
Sample Cl,- COD, NH:, NO;, NO;, Total N, 

No. mM mmole O/l. PM PM iJM PM Method A Method B Method B* 

10 < 0.5 1.8 2.7 13.8 0.2 53.7 85.5 87.3 94.6 
89.2 88.5 93.9 

11 < 0.5 2.3 12.2 51.9 0.6 109.6 91.8 94.2 94.8 
93.7 96.0 

12 < 0.5 2.0 0.5 1.0 0.4 36.9 83.7 - 93.5 
93.2 

13 < 0.5 2.0 3.1 103.5 1.4 152.8 94.2 97.8 
96.3 

14 < 0.5 1.7 4.9 11.8 < 0.2 47. I 87.5 89.2 96.6 
96.0 

15 <0.5 2.2 1.4 60.9 0.6 109.9 91.9 97.7 
16 84 - 0.3 0.5 GO.1 21.6 78.2 79.6 66.7 
17 96 0.2 0.4 GO.1 16.5 83.6 81.2 73.9 

Mean yield with confidence interval (95% level) 
for the fresh water samples l&15 89.7 f 3.2 91.0 k 4.8 95.4 f 1.0 

*As for method B but with addition of 0.05 ml of Perhydrol before irradiation at pH 2.1. 

The water samples analysed in Table 3 were about 
20pM in total nitrogen when irradiated. A greater 
dilution before irradiation would presumably have 
led to higher yields. 

CONCLUSIONS 

Experimental conditions such as intensity and 
spectral composition of the radiation, as well as pH 
and concentration of nitrogen and salts, especially 
halides, in the irradiation step have a large influence 
on the yields of the photo-oxidation. It is therefore 
difficult to compare results obtained by different 
authors, especially as the information given about the 
parameters used is often incomplete. 

The low results obtained when solutions of pro- 
teins, urea and some other substances were irradiated 
according to method A led to the development of 
method B. In the absence of interfering concen- 
trations of halides method B gave considerably 
higher yields for many of the substances investigated. 

A drawback of method B, however, is the difficulty 
in adjusting the pH before the final irradiation, as the 
form of the irradiation vessels prohibits the use of a 
glass electrode. Because only small amounts of borax 
can be used, the relatively large quantity of sulphuric 
acid requires that the amount of sodium hydroxide 
added should be adequate to increase the pH to the 
desired value, due regard being given to the extra 
acids (H+ZO, etc.) formed by oxidation. Other 
authors5*6 have also used irradiation in two steps, but 
at pH4 and 9. For fresh waters it might be advan- 
tageous to do the first irradiation at pH 4 instead of 
2.1, because the adjustment to pH 9 before the final 
irradiation would be less difficult. In our experience, 
however, the losses caused by even rather low concen- 

trations of halides are far larger in solutions of lower 
acidity than pH 2.1. 

Provided the concentration of halides is sufficiently 
low, a small addition of hydrogen peroxide before the 
first irradiation (at pH 2.1) is recommended. The gain 
in yield may be considerable, especially at high 
concentrations of organic nitrogen and/or organic 
matter. 

If the concentration of nitrogen is high it is advis- 
able to dilute the sample to ,< 20 p M in N before 
irradiation, thus also reducing the concentrations of 
any interfering substances that may be present. 

It is evident from the results of this investigation 
that the different variables interact in a rather compli- 
cated way. The method chosen must be a compro- 
mise, and dependent on the kind of water sample and 
also on the accuracy desired. To minimize inter- 
ferences from halides and organic matter the final 
irradiation should be performed at fairly high pH, 
8.0-8.5 for sea-waters and 8.7-9 for samples low in 
calcium and magnesium. Borax was chosen as buffer 
because the generally recommended bicarbonate 
buffer led to low results for some compounds. In 
practice, however, naturally occurring bicarbonates 
must be tolerated and may then, if in sufficient 
concentration, as in ocean water and hard waters, 
serve as the buffer; addition of borax is then prefer- 
ably omitted, as involving a certain risk of formation 
of precipitates. 

In the absence of interfering concentrations of 
halides the advantage of an initial irradiation at 
pH 2.1 according to method B is clearly shown. For 
saline solutions, however, the gain in yield by using 
method B instead of method A is usually slight and 
may not warrant the extra work involved. For prac- 
tical reasons it may therefore be preferable to analyse 
brackish and sea-waters with method A. 
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On account of the low blank and the high sensi- 
tivity of the spectrophotometric finish, the photo- 
oxidation method is particularly suitable for samples 
(fresh as well as saline waters) of low nitrogen 
content. 
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Summary-Complexometric catalytic titrations with both volumetric and coulometric addition of the 
titrant have been simulated. By taking into consideration the equilibrium concentration of the catalyst 
during the titration, general mathematical equations have been set up. The influence of several factors 
on the shape of the simulated catalytic titration curve has been investigated and is discussed. The work 
also deals with the conditions under which the approximate mathematical expressions (equilibrium 
concentration of the catalyst being neglected) can be applied to simulate the catalytic titration curves with 
a satisfactory accuracy. 

As with other analytical procedures, in the devel- 
opment of catalytic titrations the methodological and 
experimental foundations were laid before the corre- 
sponding theoretical relations were derived. From 
our own research in the field’,2 and the results of 
other authors,3-g it seems that the experimental condi- 
tions have hitherto been chosen on the basis of 
extensive experimentation, which is a rather tedious 
job. However, by further development of the theory 
of catalytic titrations it should be possible, in a 
relatively easy way (with the aid of computers), to 
determine the optimal titration conditions. It should 
also be possible, on the basis of the reaction kinetics, 
to decide in advance whether a certain indicator 
reaction would be suitable for determination of par- 
ticular analytes. After an experimental check, simu- 
lated catalytic titration curves might also be used for 
determination or revision of the indicator reaction 
kinetics, as well as for determination of all other 
quantities influencing the shape of the catalytic ti- 
tration curves. 

In catalytic titrations the titrant can be added 
either continuously or discontinuously, but in both 
cases the titration curve is obtained by plotting the 
change in some physical parameter (which is a func- 
tion of an indicator-reaction rate, i.e., the catalytic 
activity of a component of the solution to be titrated) 
against the amount of titrant added. Since methods 
with a continuous addition of the titrant are of 
greater importance, and experimentally much sim- 
pler, their mathematical interpretation has attracted 
more attention. 

In 1970 Mottola” gave the first mathematical 
treatment of catalytic titration curves, starting from 
some general expressions, but without particular 

*Dedicated to Professor. V. J. Vajgand, Faculty of Sciences, 
University of Belgrade, on the occasion of his 60th 
birthday. 

solutions for the titration curves. Goizman” in 1971 
derived equations for the catalytic thermometric 
curves, but his work was restricted to volumetric 
addition of the titrating reagent, and the volume 
change of the solution during titration was neglected. 
Simpson” in 1973 was the first to simulate catalytic 
spectrophotometric titration curves by using a com- 
puter, introducing a new quality into these in- 
vestigations, but he, also, neglected the solution 
volume changes during titration. Gaal’ in 1977 for- 
mulated some general mathematical equations as a 
basis for interpretation of the shape of catalytic 
titration curves, obtained by means of different tech- 
niques, for both coulometric and volumetric addition 
of the titrating reagent. 

However, all these authors have assumed that the 
catalyst concentration before the equivalence point 
can be neglected. This approximation is acceptable 
provided the reaction product formed in reaction (1) 

A + K e AK (1) 
titrated titrant reaction product 

component reagent of titration 
(inhibitor) (catalyst) 

is, for example, a sparingly soluble compound with a 
very low solubility product, or a complex with a very 
high stability constant. This is not always the case, 
however. For this reason we have formulated a 
mathematical description of catalytic titration curves, 
taking into account the equilibrium concentration of 
catalyst in the course of titration. In this article we 
derive the mathematical expressions for simulation of 
complexometric catalytic titration curves for both 
volumetric and coulometric addition of the titrant. 
We consider indicator reactions of first or pseudo- 
first and second order. Since the mathematical ex- 
pressions obtained in this way are rather complex, 
we have also determined the conditions under which 
the equilibrium concentration of catalyst can be 
neglected. 

987 
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THEORY 

To simplify derivation of the mathematical expres- 
sions, we consider it advisable to introduce several 
approximations, namely 

(1) titrant is added to the ideally stirred solution; 
(2) temperature changes during titration do not 

affect the thermodynamics and kinetics of the reac- 
tions; 

(3) the indicator reaction has an incubation period 
short enough to be neglected; 

(4) the rate constant of the titration reaction is 
high, and need not be taken into account; 

(5) changes caused in the measured parameter by 
the titration reaction are negligibly small compared 
to the changes due to the indicator reaction. 

The procedure for obtaining expressions for simu- 
lation of catalytic complexometric titrations consists 
of deriving an equation for the catalyst concentration 
during the titration. The expression obtained is then 
introduced into the one for the rate of the indicator 
reaction and, this expression is integrated for the 
limiting conditions. 

In deriving the equation for the catalyst concen- 
tration in the course of titration, we start from the 
expression for the instability constant KN of the 
catalyst-inhibitor complex (assumed to have 1: 1 stoi- 
chiometry): 

(2) 

where c(K) is the molar concentration of catalyst K, 
c’(A) that of inhibitor A and c(AK) that of the 
complex AK. 

After introduction of the appropriate expressions 
for c’(A) and c(AK) into expression (2), a relation is 
obtained for the equilibrium concentration of the 
catalyst during the titration. 

Simulation of volumetric complexometric catalytic ti- 

trations 

If c’(A) and c(AK) during the titration are taken 
as 

VA4 c’(A) = - 
V, +jt 

- c(AK) 

and 

jtc (T) c(AK) = - 
V, +jt 

-c(K) 

(3) 

where c(A) is the initial molar concentration of the 
inhibitor, c(T) the concentration of the titrant, V, the 
initial volume of the titrated solution (1.) j the rate of 
addition of titrant (l./sec), and t is time (set), then 
introducing these expressions into equation (2) gives 
the following relation for the catalyst concentration 
during the titration: 

c(K) _k(T) - &I jt - ELI2 + (Ek + Fk t + G, t2)‘12 

2(V, +jt) 

where 
(5) 

Ek = {VJc(A) + K.,l)*; 

4 = 2Vrj{KNkW + &.,I - c(T)kW - K.d); 

G, = j2[c(T) + KN12 

In order to obtain equations for the catalytic titration 
curves we start (similarly to other authors’*‘S’2) from 
the corresponding expressions for the rates of the 
indicator reactions. 

First-order indicator reaction. If the indicator reac- 
tion 

x+(Y)SL+(o) (6) 

proceeds according to first or pseudo-first order 
kinetics with respect to the indicator reaction com- 
ponent X, then its rate can be expressed as: 

-T = [k;, + k;c(K)]c(X) + E (7) 
r 

where kh is the rate constant of the first-order spon- 
taneous reaction (set-I), k; the rate constant of the 
first-order catalysed reaction (1. mole-‘. set- ‘) and 
c(X) the molar concentration of the indicator reac- 
tion component. The last term in equation (7) de- 
scribes the change in the rate of the indicator reaction 
due to the increase in volume of the reaction mixture 
during the titration. 

With the catalyst concentration expressed by equa- 
tion (5) and integration of equation (7) for the 
limiting conditions c(X) = c,,(X) at t = 0, an expres- 
sion is obtained for describing the concentration of 
component X at time t: 

K c(X) = co(X) - 
V,+jt 

ev(-Mk) (8) 

where c,,(X) is the initial molar concentration of the 
indicator reaction component, and 

in which 

M, = kit - ~[c(A)+c(T)]hr~+~[c(T)-&]+2& 
r 

R, = [A, + Bk( V, + jt) + C, (V, + jt)2]“2 - (A, + B, V, + C, Vf )I’* 

Bk 
+ 2c:i* 

ln i?ck(v, +jt) + Bk + 2{Ck[Ak + Bk(vr+jt) + ck(vr +jt)2]}“2 
2C, V, + & + 2[C,(A, + B, V, + C, Vf)]“’ 

- A L’* In 
V,(2{-&[Ak + Bk(v, +jt) + ck(v, +jt)2]}“2 f Bk(v, +jt) + 2Ak) 

(v,+ jt){&ik(Ak+&V,+ ckV?)]"2+BkVrf2Ak} 

(9) 

(10) 
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where 

Ak = {VMA) + c(T)l}*; 

Bk = 2V,{K,[c(A) - c(T)1 - c(T)[c(A) + c(Vlj; 

C, = [c(T) +&I* 

Since the concentrations of the reaction products 
are often measured during the titration, it can be 
suitable to express the reaction rates as a function of 
these concentrations. If product L is formed from 
component X in equation (6), in 1:l ratio, then the 
concentration of X remaining at time t will be: 

V, 
c(w=coo<)- 

V,+jt 
- c(L) (11) 

where c(L) is the molar concentration of the 
indicator-reaction product. 

On the basis of equations (8) and (11) it follows 
that the concentration of L at time t is: 

c(L) = cow & 11 -exp(-Mk)l (12) 
r 

Second-order indicator reaction. If the indicator 
reaction is second order, the reaction rate will be 
maximal when the initial concentrations of the reac- 
ting components, co<) and c(Y), are equal. The rate 
of the indicator reaction can then be written in the 
form: 

-F =[k,+k,c(K)]~(X)*+~ coc)j (13) 
r 

where k0 is the rate constant for the second-order 
spontaneous reaction (1. mole-‘. set-‘), and kk the 
rate constant for the second-order catalytic reaction 

After introduction of equation (S), describing the 
catalyst concentration, and integration of equation 
(13), the following expression is obtained for the 

(l*.mole-*.sec-I). 

concentration of component X at time t: 

cow K 
‘Oc) = [ 1 + c,(X)QJ (I’, +jt) 

(14) 

The concentration of product L is 

c:(X)&); K 
c(L)=[l +co(X)QJ(V,+jt)’ 

(17) 

Simulation of coulometric complexometric catalytic 
titrations 

The concentrations of the inhibitor, c’(A), and of 
complex, c(AK), in coulometric addition of the ti- 
trant are: 

c’(A) = c(A) - c(AK) (18) 

c(AK) = -& - c(K) 
r 

(19) 

where I is the generating current (A), F the Faraday 
constant (C/mole), n the number of electrons in the 
half-reaction for electrochemical generation of the 
titrant, and their introduction into expression (2) 
leads to an equation for the catalyst concentration: 

c(K) = 
It - (E;)“* + [EL + F’t + (It)*]“* k 

2nFVr (20) 

where 

EL = {nFV,[c(A) + KN]}*; 

F; = 2nFV,I[K, -c(A)] 

First-order indicator reaction. In coulometric addi- 
tion of the titrant the rate of an indicator reaction of 
first or pseudo-first order with respect to component 
X is given by 

-F = [k; + &c(K)]@) (21) 

Expression (21) differs from (7) by the absence of the 
term describing the volume changes during the ti- 

After introduction of equation (20) into (21) and 
tration. 

integration for the limiting conditions co<) = c,(X) 
at t = 0, expression (22) is obtained for the concen- 
tration of component X at time t: 

c(X) = coO<)ev(-W 
where 

M;=k;r +$ &k(A) + Kr& 
2 

(22) 

k; ’ 

+ 2nFV 
-R; (23) 

where 

Qk = y I,, 7 +s[c(T)-KN] 
r 

k2,” 

in which 

s 
k 

= -L-h+Bk(Vr+jf)+C~(V~+jt)*l”* +(Ak+BLVr+CkV:)“* 
V,+jt V, 

+ CL,21n 2Ck(V, +$I + Bk + 2{CkVk + Bk(Vr +jt) + Ck(Vr +$)*I}“* 
2c, v, + Bk + 2[C,(A, + Bk v, + c, v-f)]“’ 

Bk 
-- 

2A ;I2 
ln Vd2{Ak[Ak + &(v, +jt) + ck(vr + it)*]}“* + Bk(v, +jt) + 2Ak) 

(V, + $){2[A,(A, + B, V, + C, Vf)]“’ + Bk V, + 2A,} 
(16) 
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in which 

R, = (213 + F;)[E; + F; t + (It)‘]“’ - F;(E;)“2 
k 

412 

+ 4E; I2 - (F;)2 In 

813 

X 2W + “i::,!;;‘c”F; 2Z2t + F; C24J 

k k 

From the relation 

c(L)=cclo<)--4X) (25) 

and (22), an expression is obtained for the concen- 
tration of product L at time t: 

c(L)=c,(X)[l -exp(-M;)]. (26) 

Second-order indicator reaction. The expression for 
the rate constant of the second-order indicator reac- 
tion in coulometric addition of the titrant 
[c(X) = c(Y)] is 

-F = [k, + &c(K)]c(X)~ (27) 

and combination of this with relation (20) for the 
catalyst concentration during the titration, gives, 
after integration of equation (27) for the limiting 
conditions c(X) = co(X) t = 0, the following relations 
for the concentration of component X and product L: 

c(x) = 
dW 

1 + dWQ; 

c(L) = 
c;(WQ; 

1 + dWQ; 

(28) 

(2% 

where Q; is analogous to ML in equation (23) but 
with constants k0 and k, instead of kh and k;. 

Calculations 

As can be seen, the equations obtained for simu- 
lation of catalytic titration curves are rather complex, 
so to treat the data numerically it is necessary to use 
a computer. We have employed a Univac 1100 and 
a Varian 73, with FORTRAN IV as the pro- 
gramming language. Also, the expressions to be used 
for calculation of the concentration of the indicator- 
reaction product depend on the nature of the indi- 
cator reaction [equations (12) and (17), or (26) and 
(29)]. Moreover, we have planned to simulate precip- 
itation, redox and neutralization catalytic titration 
curves in our further work. For this reason we wished 
to construct a program by means of which we could 
simulate all types of catalytic titration curves, regard- 
less of the order of the indicator reaction and the type 
of titration reaction. We have achieved this in the 
following way: we have written a program which in 
fact contains two programs. The flow-diagrams of 
both are given in Figs. 1 and 2. As can be seen, the 
first program (Fig. 1) contains a great number of 
subroutines (one for each type of catalytic titration). 
Therefore we first introduce the “number of the 

subroutine”, IP, in order to supply the computer with 
the information on the type of catalytic titration and 
which subroutine, PP,, is to be used in the calcu- 
lations. We then introduce the data on the number of 
curves as well as all necessary data for calculation of 
the concentration of the indicator-reaction product at 
various stages of the titration. The results are then 
calculated with the derived expressions (by calling for 
the corresponding subroutine) and tabulated on a 
disc. We have constructed this program in such a way 
that besides putting the data on a disc, we can 
simultaneously list them with the corresponding 
headings, on the basis of which it is possible to 
recognize the particular catalytic titration. From such 
a list it is then possible to plot the catalytic titration 
curves. Since hand-plotting is time-consuming we 
have constructed a program to do it. This program 
(Fig. 2) is written in such a way that after introducing 
the data from the disc, the text for figure headings 
and the co-ordinates of the figures, besides listing the 
results, the computer prints the graph of the corre- 
sponding simulated catalytic titration curves together 
with the headings containing all the pertinent data: 
type of catalytic titration curve, order of the indicator 

(Start) 
I 

Input of data for simulation 
of catalvtic titration 

curves for one subroutine 

-I 
Output of table headings 

I 
IP 

--- & ppl 
PP* PP3 PP" 

0 --- 

L/T> 

Last fi ure of a iven subroutine 

Yes 

b stop 

(_ Return ) 

Fig. 1. Flow diagram for program. 
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Start 
factors affecting the shape of simulated titration 
curves is discussed below. 

Read data from disc Effect of the complex instability constant 

Input of cOrnnon headings 
for figures (independent of 
the subroutine applied for 

their simulation) 

Y 
Input of the text characteristic 
for a given subroutine and of 

the number of figures in a given 
subroutine 

-I 
Read the coordinates of figures 

I 
Print the table and 
figure headings 

I 
Call CRT 1 

One of the most interesting effects, which has not 
been considered in previous works (Fig. 3, curves 
l+, is certainly that of the value of the complex 
instability constant. As can be seen from Fig. 3, 
determination of the titration end-point is difficult 
when the complex instability constant is > lo-’ 
(curve 2) under the given working conditions. How- 
ever, if the rate constant of the catalysed reaction is 
lower, it may be possible to determine the end-point 
even for values of the complex instability constant 
> 10-7. 

Last figure in a given subroutine 

stop 

0 Sub CRT1 

Read the data for 
printing the figures 

I 
Print the particular points 

of curves on figure 

It is also interesting to find the limiting value for 
the complex instability constant for which it is neces- 
sary to apply the derived expressions, i.e., the lowest 
value of the constant, for which the catalyst ions are 
practically not present in the solution before the 
equivalence point. It is evident from Fig. 3 that with 
decrease in the complex instability constant, the 
differences between complexometric catalytic ti- 
tration curves become smaller and smaller. Thus, for 
example, for values of 10-s and lo-” for the complex 
instability constant (curves 3 and 4) the difference in 
shape of the titration curves is very small. Further- 
more, with further decrease of the constant, the 
differences between the simulated curves practically 
disappear. Hence, it can be concluded that for com- 
plex instability constants of about lo-’ or beiow, it 
is possible to use an approximative expression, ne- 
glecting the equilibrium concentration of the catalyst. 
The error will be relatively small, as will be shown 
later on. 

Return 

Fig. 2. Flow diagram for program. 

reaction, concentrations of the titrant and titrand, 
concentration of the indicator-reaction component, 
initial volume of the solution, rate constants for both 
the spontaneous and the catalysed reaction, the equi- 
librium constant, rate of addition of the titrant in the 
volumetric method or the generating current in a 
coulometric determination, as well as the number of 
electrons in the equation for the electrochemical 
generation of the titrant (in the coulometric method). 
On each graph several catalytic titration curves are 
plotted, differing only in the value for the parameter 
being investigated. The listings of the programs are 
available on request. 

RIEXJLTS AND DISCUSSION 

As pointed out in the introduction, by simulation 
of catalytic titration curves it is possible to choose, in 
a relatively simple way, the optimal experimental 
conditions. Therefore the effect of a number of 

Since the approximative equations are much sim- 
pler (see Appendix 1) we have examined and 
presented graphically a broad range of conditions for 
which it is possible to neglect the equilibrium concen- 
tration of the catalyst. The procedure was as follows: 
the curves obtained on the basis of the complete and 
the approximative expressions were compared, and 
the conditions determined for which the difference in 
shape of the titration curves, i.e., in the concen- 
trations of component X and product L, respectively, 
does not exceed a prescribed value. We have exam- 
ined the conditions for which the approximation 
error is not higher than O.O3c,(X) or O.O5c(L). Since 
these calculations were also relatively complex, we 
wrote suitable programs in FORTRAN IV and used 
a Univac 1100. Figures 4 and 5 present the diagrams 
for deciding in advance whether it is necessary 
to apply the complete expression or an approximative 
one for simulation of the volumetric complexometric 
catalytic titration with a first-order indicator reac- 
tion, so that the error does not exceed 0.03co(X) 
(Fig. 4) or O.O5c(L) (Fig. 5). 

It is necessary to use the complete expression for 
all conditions on the left-hand side of each curve, 
but not for those on the right-hand side. Thus, for 
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Fig. 3. Simulated curves for catalytic complexometric titrations obtained with volumetric addition of 
titrant and a first or pseudo-first order indicator reaction, under the following conditions: V, = 3 x 10M2 
I.; c,,(X) = 10m3M; kb = lo-) set’; k; = lo3 l.mole-‘.secc’; c(T) = 5 x lO_‘M; c(A) = 5 x 10e4M; 
j = lo-’ l./sec. Curves 14-equilibrium catalyst concentration taken into account [according to equation 
(12)]; S-on the basis of the expressions obtained by Goizman” and Simpson;t2 &according to the 
expressions obtained by Gaal.’ Values for KN are: 1, 10m6; 2, lo-‘; 3, 10e8; 4, lo-“. Equivalence point 

3.00 ml. 

example, if KN is 10e9, kh = 10e4 set-‘, k; = lo4 

l.mole-‘.sec-‘, c(A) = 5 x 10m4M and c(T) = 5 x 

10-3M, it is possible to use the approximative expres- 
sion, for an approximation error <O.O3c,(X), be- 
cause the point is on the right-hand side of the 
corresponding curve (Fig. 4, curve 2’). However, if we 
choose an error not exceeding 0.0%(L), then use of 
the approximative expression is not possible, because 
the point is on the left-hand side of the corresponding 
straight line (Fig. 5, curve 2’). 

Similar diagrams have been obtained for a second- 
order indicator reaction with the rate constants of 
both the spontaneous and the catalysed reaction 1000 
times those for a first-order reaction. This will be 
discussed further. below. 

Very similar diagrams have been obtained for the 
case of coulometric addition of the titrant, so the 
same diagrams can be applied (under the given 
working conditions) regardless of the mode of titrant 
addition. 

Figure 3 also shows catalytic titration curves ob- 
tained on the basis of the approximative expressions 
derived by Goizman” and Simpson” (curve 5) and 
Gaal’ (curve 6). As mentioned before, curves 14 
differ from curves 5 and 6 by taking into account the 
concentration changes of the indicator-reaction prod- 
uct, due to dilution, and the equilibrium concen- 
tration of the catalyst during the titration. These two 
parameters have opposite effects, i.e., the first causes 
a decrease and the second an increase in the concen- 
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-7 9 9 10 11 

-1og K, 

Fig. 4. Range of applicability of approximative equations 
for simulation of volumetric complexometric catalytic ti- 
trations with an approximation error not exceeding 
O.O3c,(X) (first-order indicator reaction) under the follow- 
ing conditions: V, = 3 x 10e2 1.; co(X) = lo-)M; j = IO-’ 
l&c. l-3. c(A) = 5 x 10-3M; c(T) = 5 x 10-2M; I’-3’, 
c(A) = 5 x.~O-~M; c(T) = 5 x 10-‘3ti; I”-?, c(A) = 5 x 
10-sM: c(T) = 5 x 10m4M: 1”-3”‘. c(A) = 5 x lo-“M; 
c(T)=5 x iO-5M; l,l’,l”,l”;, k;= ld-3 s&-l; 2, 2’, 2”, 2”‘, 

k; = 10e4 set-‘; 3, 3’, 3”, 3”‘, k; = lo-’ set-‘. 

tration of L, as could be expected. Which of the two 
effects will prevail depends on the value of the 
complex instability constant and the concentration of 
the titrant. If, for example, the instability constant is 
lo-’ or higher (for given other conditions), the effect 
of the equilibrium concentration of the catalyst is 
larger in the period before the equivalence point. 
Consequently, curves 1 and 2 are then above curves 
5 and 6. On the other hand, if the complex instability 
constant is below 10m8 the effect of dilution of the 
solution has a greater influence, hence curves 3 and 
4 lie below curves 5 and 6. However, after the 
equivalence point, when the indicator-reaction com- 
ponents have completely reacted, curves l-4 have the 
same shape, i.e., only the effect in volume increase of 
the reacting mixture is noticeable, so that all the 
curves, irrespective of the complex instability con- 
stant, are below curves 5 and 6. It is evident that 
when the concentration of the titrant is ten times that 
of the titrand it is necessary to take into account the 
concentration changes of the indicator-reaction prod- 
uct, due to dilution of the solution. 

However, it should be mentioned again that under 
certain working conditions (for example, at a small 
value of the instability constant and at a high ratio 
of the concentration of titrant to that of titrand) 
satisfactory agreement is obtained between the ex- 
perimental and simulated catalytic titration curves 
even when the expressions derived by Goizman,” 
Simpson’* and Gail’ are used. 

Effect of initial concentrations of the indicator reaction 
components 

In the case of the first-order indicator reaction, the 
reaction rate, i.e., the rate at which the measured 
parameter changes during the titration, is a linear 
function of the initial concentrations of the indicator- 
reaction components. This can be concluded on the 
basis of equations (12) and (26) and of the experi- 
mental results. A further conclusion is that increasing 
the initial concentrations of the indicator-reaction 
components or decreasing the sensitivity of the mon- 
itoring instrument (or oice uersa) will have the same 
effect on the shape of the titration curve. Whether a 
higher or lower concentration is chosen in the experi- 
mental work depends on the measuring instrument 
(recorder) available. If we have a sensitive recorder 
we shall certainly choose a lower starting concen- 
tration of the indicator-reaction components. In the 
case of the second-order indicator reaction this effect 
is somewhat more complex. As can be concluded on 
the basis of equations (17) and (29) under given 
working conditions the dependence on this parameter 
can vary from linear to quadratic (limiting cases). If 
cO(X)QI; < 1 or c,,(X)Q; < 1, which happens either at 
a low c,(X) or k,,, ki., c(K), or t (all these last four 
quantities being included in Qk and Q;), the de- 
pendence is practically quadratic. However, with 
increase in co(X)Q, or c,,(X)Q; it becomes less and 
less quadratic with a tendency to linearity (which is 
achieved in the limiting case). Since Qt (or Q;) is also 
changing during the titration [the values for both t 
and c(K) show an increase] the effect of changing 
co(X) on the rate of the indicator reaction (i.e., on the 
shape of the titration curve) is decreasing. The opti- 
mal starting concentration of the indicator-reaction 
components depends on several factors. If the value 
for k, is small, curves of a better shape will be 
obtained with higher starting concentrations of the 
indicator-reaction components, especially if the value 
for k, is small. However, for a higher k0 value, it will 
be more convenient to use a lower starting concen- 
tration of the indicator-reaction components, which 
is in agreement with the experimental results. 

Effect of the mode of titrant addition 

If complexometric catalytic titration curves ob- 
tained by volumetric and coulometric addition of the 
titrant are compared, it can be noticed that (under the 
working conditions as in Fig. 3) they are similar to 
each other in the period before the equivalence point. 
With decrease of the titrant concentration and the 
generating current, respectively, the differences in 
shape of the titration curves, and hence, the concen- 
tration changes for the indicator-reaction component 
in coulometric addition of the titrant, will become 
larger and larger. However, in the pretitration period 
a significant difference is noticeable even at a ti- 
trant concentration ten times that of the titrand. This 
is because there is no volume change during the 
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Fig. 5. Range of applicability of approximative equations for simulation of volumetric complexometric 
catalytic titrations with an approximation error not exceeding O.OSc(L) (first-order indicator reaction) 
under the following conditions: V, = 3 x lo-* 1.; co(X) = 10V3M;j = 10e5 l./sec. 1-3 c(A) = 5 x 10-‘M; 
c(T) = 5 x 10-2M; I’-3’c(A) = 5 x 10-4M;c(T) = 5 x 10-3M; 1”-3”c(A) = 5 x 10-5M;c(T) = 5 x 10-4M; 
1”-3”’ c(A) = 5 x 10-6~; c(T) = 5 x 10-5M; 1, I’, I”, l”‘, k;, = 1O-3 see-‘; 2, 2, 2”, 2”‘, k; = 1O-4 se-‘; 

3, 3’, 3”, 3’“, kh= 10W5 set-‘. 

coulometric titration so that the concentration of 
product L at some moment becomes equal to the 
initial concentration of component X. After that, 
with further generation of the titrant, there is no 
change in the concentration of product L. However, 
in the volumetric addition method, owing to the 
dilution of the solution the concentration of product 
L cannot reach the value for the starting concen- 
tration of the indicator-reaction component X, so a 
maximum appears on the titration curve, after which 
the concentration of product L decreases with further 
addition of the titrant. For this reason, the total 
concentration change of product L is somewhat 
larger in the coulometric method and hence this mode 
is more suitable, especially in titration of smaller 
amounts of substances, and when higher generating 
currents are used. Since we are considering further 
development of coulometric complexometric cata- 
lytic titrations, the conclusions derived from this 
work may be of great help in choosing the proper 
experimental conditions. 

Effect of the rate constant of the catalysed reaction 

An increase in the rate of the catalysed reaction 
(Fig. 6) does not show a significant effect before the 
equivalence point (under the given working condi- 
tions), but has a very pronounced effect after the 
equivalence point. However, for higher values of the 
instability constant, the effect is more conspicuous in 
the period before the equivalence point. It can also be 
concluded that the titration end-point can be easily 
determined when k; is > 10 l.mole-‘.sec-’ (curve 4), 
for given other conditions. If c(T) or j is larger, it 
might also be possible to employ an indicator reac- 
tion with a somewhat lower value for k; . On the basis 
of Fig. 6, it can be concluded that the best way of 
determining the end-point is by direct graphical 

extrapolation of the linear parts of the titration curve 
before and after the equivalence point, since the 
concentration of L changes gradually. However, the 
results obtained in this way would be slightly higher 
than the theoretical values, so it is necessary to 
correct them with the corresponding results from 
blank titrations. Simulation of these titrations will be 
described in a future article. 

However, if the indicator reaction is second order, 
it is possible to determine the titration end-point in 
a satisfactory way if k, is > lo4 l2 .mole-2.sec-‘, 
under the same working conditions as in the case of 
the first-order indicator reaction. These differences in 
the effect of the kL values on the shape of the catalytic 
titration curves can be easily understood by com- 
paring expression (12) with (17), and (26) with (29), 
respectively. 

Under such conditions, in the case of the second- 
order indicator reaction the dependence of c(L) on 
c,,(X) is practically quadratic. For this reason it is 
necessary to have a thousandfold higher Qk in order 
to obtain a curve of the same shape as in the case of 
the first-order indicator reaction. This is best 
achieved by a thousandfold increase in kk. 

Eflect of the rate constant of the spontaneous reaction 

This effect is very significant, even in the period 
before the equivalence point (under the same working 
conditions, Fig. 6), which is quite understandable. 
Under the given experimental conditions, which are 
those most often used in practice, it is possible to 
determine satisfactorily the titration end-point if 
k; < 10e3 set-’ in the case of a first-order indicator 
reaction, and k. < 1 l.mole-’ .sec-’ in the case of a 
second-order indicator reaction. These differences in 
the maximal values for k; and k, can be explained in 
the same way as in the case of kk. 
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Fig. 6. Effect of rate constant for the first, or pseudo-first order catalysed reaction, /cl, on the shape of 
the simulated volumetric complexometric catalytic titration curves obtained under the following condi- 
tions: V, = 3 x 10-l 1.; c,,(X) = 10--‘&f; ki = IO-’ SEC-‘; c(T) = 5 x IO-‘M; c(A) = 5 x 10m4M; j = 10e5 
l./sec; KN = lo-*. Values for ki (I.mole-‘.sec-‘) are: 1, 10’; 2, 10’; 3, 102; 4, 10; 5, 1. Equivalence point 

3.00 ml. 

Effect of concentrations of the titrant and titrand 

It appears possible to determine the titration end- 
point if the concentrations of the titrant and titrand 
are not lower than 5 x lop4 and 5 x IO-‘M re- 
spectively (under the same working conditions as in 
simulated curve 2, Fig. 6). If the rate constant for the 
catalysed reaction were higher, it would be possible 
to titrate even more dilute solutions and with a more 
dilute titrant, but the complex instability constant 
would have to be lower, in order to have a reaction 
proceeding quantitatively at the equivalence point. 

Other effects 

The following effects have been also investigated: 
rate of titrant addition, magnitude of the generating 
current, and the number of electrons involved in the 
electrochemical generation of the titrant. These pa- 

rameters all had the expected effect on the shape of 
the simulated titration curves. 

The conclusions reached in this work explain and 
confirm, to a great extent, our experimental results, 
as well as those of other investigators in the field. 
Also, the optimal experimental conditions have been 
predicted for realization of further experimental stud- 
ies on the subject. 
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APPENDIX 

Approximative expressions for simulation of catalytic titrations 

Mode 

Order of 
indicator 
reaction 

Period of 
titration 

Concentration 
of catalyst 

Concentration of the product of 
indicator reaction 

Volumetric First 

First 

t < t, c(K) = 0 

t 2 t, c(K) = 
At - t,k(T) 

V,+jt 

Second t Q t, c(K) = 0 

Second t > t, c(K) = 
At - t,k(V 

V,+jt 

Coulometric First 

First 

t < r, c(K)=0 

t z t, 
r(r - r,) 

c(K) = ~ 
nFV, 

Second t < t, c(K) = 0 

Second 

t, = time at the equivalence point. 

t 3 t, 
r(r - t,) 

c(K) = ~ 
nF4’r 

c(L) = co(X) & 11 - exp(-W)l 
r 

K c(L) = co(X) __ 
V,+jt 

-k;t - k;c(T)(t - t,) 

+ kic(T)($+ te) ln-g]} 

c(L) = 
4WQ*K 

11 +dWQ*lV’,+it) 
whereQ*&!!!V’lnV’+jl 

J V, 
V c,(X)(V, +jt,) 

c(L)=cO(x)e -[l +c,(X)Q”](V,+jt) 

co(X) V, 
where “(‘)=[l +c,(X)Q*](V,+jtc) 

and 

Q,, = k,(J’, +ir,) ln V, +jr 

i V, f jr, 
+ k,(V, +jr,)c(T) 

j (- 

In J’, +$ 

V, +_it, 
V, +_-_ 

V,+jt 

+ k,c(T)(J’, +ir,) 

c(L) = c,(X)[l - exp(-kht)] 

c(L)=c,(X) 

c(L) = 
k&W 

1 + k&X)t 

c(L) = 
c:(X)[2k,tnFV, + k,l(t - t,)‘] 

2[1 + k,c,(X)t]nFV,+ k,lc,(X)(t - t,)’ 
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Summary-A method for determining -0.2 rig/g or more of germanium in ores, concentrates, 
zinc-processing products and related materials is described. The sample is decomposed by fusion with 
sodium peroxide and the cooled melt is dissolved in dilute sulphuric acid. Silica, if > 50 mg, is removed 
by volatilization with hydrofluoric acid. Germanium is separated from sodium salts by co-precipitation 
with hydrous ferric oxide, the precipitate is dissolved in 3M hydrochloric acid and germanium is 
subsequently separated from iron(II1) and other co-precipitated elements by a single heptane extraction 
of germanium tetrachloride from u 9.4M hydrochloric acid. The extract is washed with 12M hydrochloric 
acid to remove residual iron(III), then germanium is stripped with water and determined spec- 
trophotometrically with phenylfluorone in a 1.4M hydrochloric acid-O.002M cetyltrimethylammonium 
bromide medium in the presence of ascorbic acid as a reductant for co-extracted chlorine. The apparent 
molar absorptivity of the complex is 1.71 x lo4 l.mole-‘.mm-’ at 507 nm, the wavelength of maximum 
absorption. Up to 5 mg of tin(W), 10 mg of antimony(V) and tungsten(V1) and _ 50 mg of silica do not 
interfere. Germanium values are given for some Canadian certified reference ores, concentrates and 
iron-formation samples and for a metallurgical dust. 

A current long-term CANMET project involves a 
study of the behaviour, form and distribution of 
silver in conventional hydrometallurgical processes 
or circuits designed to recover metallic zinc from zinc 
ores and concentrates. The objective of this project is 
to increase the recovery of silver in Canadian zinc 
plants. As part of this project, solvent 
extraction/atomic-absorption spectrophotometric 
(AAS) methods’s2 and a direct AAS’ method have 
been developed for the determination of small and 
moderate amounts of silver, respectively. In addition, 
an improved solvent extraction/flame atomic- 
emission method4 has been developed for the deter- 
mination of indium, which is also a valuable by- 
product and which affects the behaviour of silver in 
the zinc circuit. Because the intermediate products 
from the processing of zinc ores are a primary source 
of germanium,5 which might also affect the recovery 
of silver, a reliable, simple and reasonably rapid 
method was required for the routine determination of 
microgram-quantities of germanium in these and 
related materials. 

In the past, the two most widely used methods for 
the determination of small amounts of germanium 
were those based on its separation by distillation or 
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extraction of germanium tetrachloride from strongly 
acidic hydrochloric acid media, followed by spec- 
trophotometric measurement of its complex with 
phenylfluorone or other chromogenic reagents.%’ 
Currently, however, the extraction method has al- 
most completely replaced the distillation method 
because of its greater selectivity, convenience, speed 
and simplicity and because the germanium can be 
more readily concentrated into a small volume.7,8 
Furthermore, the distillation method yields low re- 
sults in the presence of large amounts of sodium 
chloride and insoluble material such as lead sulphate 
and amorphous silica. s,6 In recent years the AAS 
determination of germanium by electrothermal 
atomization’ and by hydride-evolution techniques 
coupled with both flame’&” and electrothermal 
finishesI has been studied and direct methods have 
been reported for coali and coal ash.” However, 
these methods are strongly subject to interference 
from matrix elements’h’2s’4 and, although the finishes 
used are relatively sensitive, they are more compli- 
cated and time-consuming than a simple spec- 
trophotometric phenylfluorone finish. Several in- 
vestigators have found that with these finishes the 
accurate determination of trace a&ounts of germa- 
nium necessitates its preliminary separation from 
matrix elements by extraction as the chloride.9x’2 The 
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literature shows that most of the published methods 
for the determination of germanium in ores, concen- 
trates and related materials appear in obscure Soviet 
and other journals not readily accessible to Western 
readers. Recently, however, methods published up to 
-mid-1971 were reviewed by Nazarenko.“” Most of 
these and the later methods’“*’ involve spec- 
trophotometric finishes, usually with phenylfluorone 
and generally after the separation of germanium by 
a double or triple extraction of the tetrachloride into 
carbon tetrachloride. Some also involve a preliminary 
collection step with iron to separate germanium from 
large amounts of zinc or from sodium salts resulting 
from decomposition of the sample by fusion with an 
alkaline flux. In most of these methods, gum arabic, 
gelatin and poly(viny1 alcohol)rsb are used as dis- 
persing agents to stabilize the suspension of the 
germanium-phenylfluorone complex. However, Shijo 
and Takeuchi” found that cetyltrimethylammonium 
bromide (CTAB) acts as a surface-active agent and 
greatly increases the sensitivity and rate of the reac- 
tion between germanium and phenylfluorone. Since 
the publication of their work, other quaternary am- 
monium salts and analogous compounds have been 
found to react in a similar manner.22-24 Because of the 
simplicity and speed of the spectrophotometric 
phenylfluorone finish and the high sensitivity ob- 
tained in the presence of these surfactants, it was 
considered that this type of finish would be advan- 
tageous for the routine determination of small 
amounts of germanium in diverse ores, concentrates, 
zinc-processing products and related materials after 
suitable separation of germanium from the matrix 
elements. 

The proposed method, which is a modification of 
other published methods,‘sa involves the separation 
of germanium from sodium salts, introduced during 
fusion of the sample, by co-precipitation with hy- 
drous ferric oxide from an ammoniacal medium, 
followed by its separation from iron and other co- 
precipitated matrix elements by a single heptane 
extraction of germanium tetrachloride from - 9.4M 
hydrochloric acid. The germanium is stripped from 
the extract with water and determined spectro- 
photometrically with phenylfluorone in N 1.4M hy- 
drochloric acid in the presence of CTAB. Some 
potential sources of error in existing methods are 
described and germanium values are given for some 
Canadian certified reference materials. 

EXPERIMENTAL 

Reagents 

Standard germanium solution, 100 pggitnl. Dissolve 0.1441 
g of pure germanium dioxide by heating gently with 20 ml 
of 2% sodium hydroxide solution (Note 1). Transfer the 
solution to a I-litre standard flask and dilute to volume with 
water. Prepare a IO-fig/ml solution by diluting 10 ml of this 
stock soluiion to 100 ml with water. Prepare this diluted 
solution fresh as required. 

PhenylJuorone, 0.001M solution. Transfer 0.160 g of 
2,6,7-trihydroxy-9-phenylisoxanthene-3-one (9-phenyl-2,3,7- 

trihydroxy&fluorone) to a 400-ml beaker containing a 
Teflon-coated magnetic stirring bar. Add -200 ml of 
ethanol and 2 ml of concentrated hydrochloric acid, stir on 
a magnetic stirrer until the reagent has dissolved, then 
transfer the solution to a 500-ml standard flask and dilute 
to volume with ethanol. This solution is stable for at least 
one month. 

CTAB, 0.9% solution. Add - 300 ml of water to 4.5 g of 
CTAB, mix thoroughly and place the beaker in a pan of 
warm water (Note 2). When the salt has dissolved, dilute the 
solution to 500 ml with water. Prepare a fresh solution every 
4 weeks. 

Iron(III) sulphate solulion, IO mg of iron/ml. Dissolve 25 
g of ferric sulphate nonahydrate in -300 ml of hot water 
containing 5 ml of concentrated sulphuric acid, cool and 
dilute to 500 ml with water. 

Ascorbic acid, 10% solution. Prepare a fresh solution every 
2 days. 

Sulphuric acid, 50% v/v. 
Hydrochloric acid, 25% v/v. Store in a plastic squeeze-type 

wash bottle. 

Ammonia, 5% v/v solution. Store in a wash-bottle. 
Heptane. Analytical reagent-grade. 

Calibration curves 

Transfer a 20-ml aliquot of lo-pg/ml standard germa- 
nium solution to a 250-ml separatory funnel and add 15 ml 
of water, 150 ml of cold (-0”) (Note 3) concentrated 
hydrochloric acid and 75 ml of heptane. Stopper the funnel 
and shake it for 2 min. Allow the layers to separate, then 
drain off and discard the lower (aqueous) layer. Wash the 
heptane phase by shaking it gently for -30 set with 5 ml 
of cold concentrated hydrochloric acid. Drain off and 
discard the acid layer and wash the stem of the funnel with 
water. Add 10 ml of water to the extract, stopper the funnel 
and shake it for 1 min. Allow the layers to separate, then 
drain the lower (aqueous) layer into a 200-ml standard flask 
with the aid of a small funnel placed in the neck of the flask. 
Wash the stem of the separatory funnel with water and 
collect the washings in the flask. Repeat the stripping step 
twice more by shaking the extract for -30 set each time 
with lo-ml portions of water. Wash the stem of the sepa- 
ratory funnel with water each time. Dilute the solution to 
volume with water and mix thoroughly. 

From a burette, add 1, 2, 3, 4, 5 and 6 ml of the resulting 
I-pg/ml germanium solution to six 25-ml standard flasks 
and dilute each solution to - 10 ml with water. Add 10 ml 
of water to a seventh flask, to prepare the blank. To each 
flask, add in succession 2 ml of 10% ascorbic acid solution, 
3 ml of concentrated hydrochloric acid and 2 ml of 0.9% 
CTAB solution, mixing thoroughly after each addition, then - . 
add 2 ml of 0.001~ phenylfluorone solution, dilute to 
volume with water and mix. Add 5, 10, 15. 20 and 25 ml of 
the I-pg/ml germanium solution to f&e loo-ml standard 
flasks and dilute each solution to -50 ml with water. Add 
2 ml of 10% ascorbic acid solution to each flask, then 
proceed with the complex formation as described above, but 
with four times the volumes of concentrated hydrochloric 
acid and CTAB and phenylfluorone solutions (Note 4). 
Allow the resulting solutions to stand for -5 min to 
complete the complex formation, then measure the absorb- 
ance, at 507 nm, of the blank and each of the six solutions 
in the first series against water as the reference solution, 
using IO-mm cells. Measure the absorbance of each of the 
five solutions in the second series in a similar manner. 
Correct the absorbance value obtained for each 
germanium-phenylfluorone solution by subtracting that 
obtained for the blank. Plot pg of germanium vs. absorb- 
ance for each series of measurements. 

Analysis of ores, concentrates, zinc processing products and 
related materials 

Silica 5 50 mg. Depending on the expected germanium 
content, transfer up to 0.5 g of powdered sample, containing 
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not more than 200 pg of germanium and up to - 150 mg 
of iron (Note 5), to a 50-ml zirconium crucible. Add 4 g of 
sodium peroxide, mix thoroughly (Note 6) and cautiously 
fuse the mixture over a low-temperature flame (Note 7) and 
keep it molten for -30 set to ensure complete decom- 
position (Note 8). Allow the melt to cool for several min, 
then transfer the crucible to a covered 400-ml beaker 
containing -80 ml of water and 20 ml of 50% sulphuric 
acid. When the melt has dissolved, remove the crucible after 
washing it thoroughly with water, then cover the beaker 
(Note 9), boil the solution vigorously and allow it to 
evaporate to - 100 ml to ensure the complete destruction of 
hydrogen peroxide. Cool to room temperature, then add 5 
ml of concentrated hydrochloric acid and, if necessary, add 
sufficient iron(III) sulphate solution for at least 100 mg of 
iron to be present. 

Add sufficient concentrated ammonia solution to precip- 
itate iron as the hydrous oxide, then add 5 ml in excess and 
boil the solution for - 1 min to coagulate the precipitate. 
Allow it to settle, then filter (Whatman No. 541 paper) and 
wash the beaker twice with 5% ammonia solution. Wash the 
paper and precipitate twice with the ammonia solution, 
followed by water, then discard the filtrate and washings. 
Place the funnel containing the precipitate in the neck of a 
250-ml separatory funnel marked at 50 ml. Wash down the 
sides of the precipitation beaker with - 10 ml of cold (Note 
3) 25% hydrochloric acid added from a plastic squeeze-type 
wash-bottle and add the solution to the funnel containing 
the precipitate. Carefully, to avoid tearing the paper, break 
up the gelatinous precipitate with a glass rod to aid dis- 
solution. Wash the beaker twice more with -5-ml portions 
of cold 25% hydrochloric acid, then wash the paper at least 
three times with small portions of the acid solution to 
dissolve any remaining precipitate. Discard the paper and, 
if necessary, dilute the solution to the mark with cold 25% 
hydrochloric acid. Add 135 ml of cold concentrated hydro- 
chloric acid (Note 3) and 75 ml of heptane, stopper the 
funnel, then proceed with the extraction of germanium as 
described for the calibration. Wash the heptane phase with 
5 ml of cold concentrated hydrochloric acid as described 
above, then drain off and discard the acid phase. 

If the sample contains - 5 pg or less of germanium, add 
5 ml of water to the extract, stopper the funnel and shake 
it for - 1 min. Allow the layers to separate, then carefully, 
without washing the stem of the funnel after the draining 
step, collect the aqueous phase in a 25-ml standard flask 
with the aid of a small funnel placed in the neck of the flask 
(Note 10). Wash the extract twice by shaking it for -30 set 
with 3 ml and then with 1 ml of water and add the washings 
to the flask (Note 11). Remove the small funnel from the 
flask and proceed with the addition of ascorbic acid solution 
and the subsequent determination of germanium as de- 
scribed above. 

If the sample contains between 5 and 25 pg of germa- 
nium, shake the extract with three IO-ml portions of water 
as described for the calibration. Collect the solutions in a 
lOO-ml standard flask, dilute to -50 ml with water and 
proceed with the determination of germanium as described 
above. 

If the sample contains more than 25 pg of germanium, 
strip the extract with three lo-ml portions of water as 
described above and dilute the resulting solution to volume 
with water in a lOO-ml standard flask. Transfer a suitable 
aliquot (up to 50 ml) of the solution to a lOO-ml standard 
flask, dilute to - 50 ml with water, if necessary, and proceed 
with the determination of germanium as described above. 

Silica > SOmg. Decompose a suitable weight of sample as 
described above and dissolve the melt as described, using a 
covered 400-ml Teflon beaker. Evaporate the solution to 
- 100 ml, then remove the cover, add 10 ml of concentrated 
hydrofluoric acid and evaporate the solution until copious 
fumes of sulphur trioxide are evolved. Cool, wash down the 
sides of the beaker with water and evaporate the solution to 

fumes of sulphur trioxide again to ensure the complete 
removal of hydrofluoric acid. Cool, add - 100 ml of water 
and heat to dissolve the salts. Cool the solution, add 5 ml 
of concentrated hydrochloric acid and, if necessary, add 
sufficient iron(III) sulphate solution for at least 100 mg of 
iron to be present, then proceed with the co-precipitation, 
extraction and determination of germanium as described 
above. 

Notes 
1. If the germanium dioxide does not dissolve completely, 

the standard solution can be prepared by fusing the com- 
pound with -4 g of sodium carbonate in a covered 
platinum crucible, with a high-temperature blast burner. 
The cooled melt should be dissolved in water and the 
resulting solution should be diluted as described. 

2. The beaker should not be placed in hot water or on a 
hot-plate because a gelatinous substance, not readily solu- 
ble, forms under these conditions. If crystals form in the 
solution on standing they can be readily redissolved by 
placing the container in a pan of warm water. 

3. The concentrated hydrochloric acid used for extraction 
and the 25% solution employed for the dissolution of the 
hydrous ferric oxide precipitate are most conveniently kept 
in a freezer. The extraction should be done without too 
much delay because germanium may be lost by vol- 
atilization as the chloride if the solution is allowed to warm 
to room temperature.7.‘5a 

4. A second blank can be prepared in a similar manner 
or the first can be used for correction purposes. In this work 
the absorbance of the blank for the same batch of 
phenylfluorone varied from -0.14 to 0.16. 

5. More than -0.5 g of sample is not recommended, 
because the amount of iron(III) used in the co-precipitation 
step may not be sufficient for the complete co-precipitation 
of germanium if the total concentration of other co- 
precipitated elements is too great. Samples containing more 
than 150 mg of iron can be taken but the filtration and/or 
dissolution steps may become unduly slow because of the 
bulk of the precipitate. 

6. It is not necessary to run a reagent blank. 
7. A bunsen burner, not a high-temperature blast burner, 

should be used. Too hot a flame causes the molten sodium 
peroxide to attack the crucible and results in the presence 
of too much zirconium in the final solution. This can cause 
difficulty in the co-precipitation step. 

8. Ores containing very little sulphide minerals may be 
decomposed more readily by fusion with -4 g of sodium 
carbonate as described in Note 1. The cooled melt should 
subsequently be dissolved in dilute sulphuric acid as de- 
scribed. 

9. The solution should be kept almost completely covered 
during the initial evaporation, to avoid loss by spray. 

10. Care should be taken that no heptane accompanies the 
aqueous phase, or the final solution obtained after the 
addition of phenylfluorone solution may be cloudy. 

11. The heptane can be used continually for subsequent 
extractions if the stripped extracts are combined in a large 
separatory funnel and washed once by shaking with - 100 
ml of water. 

RESULTS AND DISCUSSION 

Spectrophotometric determination of germanium with 
phenylfuorone 

Recent work has shown that various quaternary 
ammonium salts and compounds [benzalkonium 
chloride,22 dodecyltrimethylammonium bromide 
(DTAB)23 and sodium lauryl sulphate24] other than 
CTAB, which is a commonly used surfactant, also 
sensitize and hasten the formation of the neutral 1:2 
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complex formed between Ge(OH):+ and 
phenylfluorone. Isc However, none of these reagents 
appears to offer any particular advantages over 
CTAB. Consequently, CTAB was used in this work. 
Initial tests with 1M hydrochloric acid media showed 
that, for up to -0.25 pg of germanium per ml, the 
optimum concentration of CTAB required for rapid 
complex formation is 20.0016M. The optimum 
range of hydrochloric acid concentration is 
- 1-1.8M. Therefore, CTAB and hydrochloric acid 
concentrations of 0.002 and 1.4M, respectively, were 
chosen for subsequent work. Under these conditions, 
the optimum concentrations of phenylfluorone and 
ethanol, which is required to keep the reagent in 
solution, are - 8 x 10d5M and -8% v/v, re- 
spectively. Except for the phenylfluorone concen- 
tration, these conditions are in good agreement with 
those reported by Shijo and Takeuchi.2’ More than 
- 12% v/v ethanol inhibits the reaction. Higher con- 
centrations of phenylfluorone are not recommended 
because of the magnitude of the reagent blank; at 

lower concentrations the reaction is incomplete. 
Beer’s law is obeyed for up to -0.25 pg of germa- 
nium per ml. Complex formation is complete in 2 or 
3 min and the absorbance of the complex remains 
constant for at least 4 hr. 

Except for the greater intensity of the main spectral 
band for a given amount of germanium, the spectrum 
of the complex formed in the presence of CTAB is 
essentially the same as the spectra obtained in the 
presence of poly(viny1 alcohol) and other dispersing 
agents.2’ The apparent molar absorptivity of the 
complex is 1.71 x lo4 l.molee’.mm-’ at 507 nm, the 
wavelength of maximum absorption. This is in excel- 
lent agreement with the value reported by Shijo and 
Takeuchi,” viz. 1.71 x 1041.molee’.mm-’ at 505 nm, 
and with that reported recently by Kurihara and 
Kuwabara23 for the complex formed in the presence 
of a similar compound, DTAB, viz. 1.72 x lo4 
l.molee’.mm-’ at 503 nm. However, neither the 
results obtained in this work nor those obtained by 
the investigators above agree with those reported 
for CTAB by Burns and Dadgar.24 These in- 
vestigators found that in the presence of CTAB -2 
hr were required for complex formation and that the 
wavelength of maximum absorption shifted from 504 
to 528 nm. Because the use of surfactants or other 
dispersing agents does not cause a significant shift in 
the absorption maximum of the germanium- 
phenylfluorone complex, ‘5b this suggests that either 
the reagent used by these workers was not CTAB or 
that its composition had altered in some manner. 
Burns and Dadgar recommend the use of sodium 
lauryl sulphate as a dispersing agent. However, the 
apparent molar absorptivity value they obtained in 
the presence of this compound (1.18 x lo4 
l.molee’.mm~‘) shows that it is not nearly as 
effective a solubilizing agent as CTAB, DTAB or 
benzalkonium chloride (which gives a molar absorp- 
tivity of 1.81 x lo4 l.molee’.mm-‘). 

Separation of germanium by co-precipitation with 
hydrous ferric oxide 

Acid attack involving the use of hydrofluoric and 
sulphuric acids or hydrofluoric and phosphoric acids, 
in the absence or presence of nitric acid, has been 
recommended for the decomposition of ores and 
related materials containing germanium before its 
separation by extraction as the tetrachloride and 
ultimate determination with phenylfluorone or other 
chromogenic reagents. However, under these condi- 
tions, if the sample contains an appreciable amount 

of chloride some germanium be lost by volatilization 
as the tetrachloride. In addition if the decomposition 
is incomplete, some germanium may remain in the 
insoluble residue.7’s” Furthermore, as mentioned 
later, phosphoric acid inhibits the extraction of ger- 
manium, and evaporation with sulphuric acid can 
produce low results. Because fusion with an alkaline 
flux, which usually results in complete decomposition 
of the sample, causes no loss of germanium as the 
tetrachloride,7,‘s” fusion with sodium peroxide was 
chosen for this work. However, because the large 
amount of sodium chloride formed when the hydro- 
chloric acid concentration of the solution is adjusted 
to 2 9M before the extraction step interferes mechan- 
ically with the extraction of germanium,‘s”‘7,25 it is 
necessary to make a preliminary separation of germa- 
nium from the sodium salts by co-precipitation with 
hydrous ferric oxide from ammoniacal medium (pH 
-7-10) as recommended by many previous in- 
vestigators.6,‘5”,‘5d However, in initial tests involving 
5-50 pg of germanium and 50 mg of iron(III) (as 
sulphate), low results (-85-90x recovery) were ob- 
tained when the precipitates were dissolved in cold 
(0”) >9M hydrochloric acid before the extraction 
step, as recommended by some previous work- 
ers.‘5a~‘8.2628 Some of these investigators also obtained 
low results under these conditions.‘8.26.28 Ultimately, 
tests in which germanium was completely recovered 
when the precipitate was dissolved in 10% hydro- 
chloric acid, followed by the direct determination of 
germanium in the resulting solution, showed that the 
loss when 2 9M hydrochloric acid was used occurred 
in the dissolution step. Presumably, the local heat 
generated during the dissolution of the precipitate, 
even in very cold 9-12M hydrochloric acid, results in 
some loss of germanium by volatilization as the 
tetrachloride. Tests showed that there is no advan- 
tage in using a hydrobromic acid system for the 
extraction. Although germanium tetrabromide is 
considered to be less volatile than the tetrachloride 
because of its higher boiling point, low results 
(-85-95x recovery), which were not due to incom- 
plete extraction, were also obtained when the hydrous 
oxide precipitate was dissolved in concentrated hy- 
drobromic acid before the extraction step. Further 
work showed that no loss by volatilization occurs if 
the precipitate is dissolved in -3M hydrochloric 
acid, followed by the adjustment of the hydrochloric 
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acid concentration of the resulting solution to 
-9.4&f with cold concentrated hydrochloric acid just 

before the extraction step. 
Previous investigators29 showed that for the quan- 

titative co-precipitation of germanium with the hy- 
drous oxides of tervalent metallic elements, which 
results in the formation of the corresponding german- 
ates, the metal ion to germanium ratio should be 
greater the lower the concentration of germanium. 
For the co-precipitation of -0.01 pg of germanium 
per ml with hydrous ferric oxide, this ratio should not 
be less than - 1000: l.lsd Although, as determined 
experimentally with pure germanium solutions, the 
amount of iron(II1) (50 mg) used in the initial tests 
was sufficient for the complete co-precipitation of I 1 
pg of germanium, subsequent work showed that th .s 
amount is not sufficient when germanium is co- 
precipitated in the presence of 2 50 mg of aluminium, 
25 mg of arsenic(V) or vanadium(V) or moderately 
large amounts of other co-precipitated elements and 
compounds such as antimony(V) and silica. This is 
because they compete with germanium to form ferr IC 
aluminates, arsenates, vanadates, antimonates and 
silicates.‘5d In further work 100 mg of iron(II1) was 
found to be suitable for co-precipitation purposes. 
Under these conditions, up to 0.5 g of sample con- 
taining moderate amounts of aluminium and other 
co-precipitated elements can be used. 

Separation of germanium by extraction as the tetru- 
chloride 

Carbon tetrachloride is the most commonly used 
solvent for the extraction of germanium tetrachlorice 
and most investigators recommend a double or triple 

extraction to ensure complete extraction.7~‘sa~‘5E~30 
Extraction from 2 8M hydrochloric acid is reported 
to be essentially complete under these condi- 
tions.‘5e.25,30.3’ However, Luke and Campbel13* found 
that germanium is only -95% extracted in one 
extraction from -8.5M hydrochloric acid when the 
volume ratio of organic to aqueous phase is - 1: 1 
and that additional extractions do not improve the 
recovery. These findings were confirmed in the 
present work, with carbon tetrachloride, benzene and 
heptane as extractants. Presumably this loss of ger- 
manium could be due to its volatilization as the 
tetrachloride before or during extraction. However, a 
more probable explanation is that the Ge(OH):+ 
present in the initial solution is not all completely 
converted into GeCl, when the hydrochloric acid 
concentration of the solution is adjusted to 2814 
before the extraction step. According to previous 
investigators,33,34 some germanium can be present as 
an unextractable, partly hydrolysed anionic ox!/- 
chloride complex under these conditions. Similar 
results (- 98 and 0% recovery for the first and second 
extractions, respectively), which also suggest the fo:-- 
mation of such species, were obtained when germa- 
nium was extracted as the less volatile tetrabromide 
from 8.6M hydrobromic acid into heptane. 

On the basis of these findings, it was considered 
that one extraction with a non-polar solvent of 

specific gravity < 1 would be advantageous for the 
separation of germanium from iron and other CO- 

precipitated elements after its separation by col- 
lection with hydrous ferric oxide. Unlike extraction 
with carbon tetrachloride and other heavy solvents, 
which requires the use of three separatory funnels for 
the extraction and subsequent washing and stripping 
steps, this would result in a quicker and simpler 
method because all these operations could be carried 
out in the same funnel. Although many non-polar 
solvents of low specific gravity can be used to extract 
germanium tetrachloride, heptane was chosen be- 
cause it is readily available and has a favourable 
extraction capacity with respect to germanium tet- 
rachloride.‘5’ It is also not as unpleasant to use as 
benzene or cyclohexane. Tests showed that up to at 
least 200 pg of germanium is -98% extracted from 
>9M hydrochloric acid in one extraction with hep- 
tane in 1 :I or 2: 1 aqueous/organic phase-volume 
ratio. To avoid error in the germanium result, the loss 
of germanium must be compensated for in the cali- 
bration curve. This is usually accomplished by taking 
all the solutions used for calibration purposes 
through the extraction step.32 However, it is only 
necessary to extract one solution of relatively high 
germanium content (e.g., 200 pg) and then to use the 
resultant strip solution for the preparation of the 
calibration curve. 

Effect of diverse ions 

Previous investigators found that only arsenic(III) 
as the chloride, and osmium and ruthenium as the 
tetroxides, are co-extracted into carbon tetrachloride 
from high concentrations of hydrochloric acid.s,‘5”,30,33 
Osmium and ruthenium are rarely present in ores and 
related materials in amounts sufficient to interfere 
during complex formation and, after sample decom- 
position by fusion with sodium peroxide, arsenic will 
be present in the quinquevalent state. However, it was 
considered necessary to investigate the possible inter- 
ference effects of various elements that would be 
completely or partly co-precipitated with germanium 
or occluded by the precipitate during the iron col- 
lection step. These tests showed that, when 100 mg of 
iron(III) is used for co-precipitation, up to at least 75 
mg of phosphate, 50 mg of aluminium, 25 mg of 
bismuth, manganese(H), molybdenum(VI), titan- 
ium(W), arsenic(V) and vanadium(V) and 2mg of 
selenium(W) and tellurium(W) can be present during 
the co-precipitation step without interfering in the 
co-precipitation or subsequent extraction of germa- 
nium. More than 10 mg of antimony(V) and tung- 
sten(V1) will cause low results for germanium and 
more than - 5 mg of tin(W) causes a high result. The 
interference of tin is due to its reaction with 
phenylfluorone3* because, at the 5-mg level, tin(IV) is 
-0.6% co-extracted under the conditions used for 
the extraction of germanium. More than - 50 mg of 
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Table 1. Recovery of germanium from synthetic zinc concentrates* 

Total 
Matrix and nominal composition, % Ge present, pgglg Ge found, pgcglg 

Zn concentrate CZN-1 (44.7 Zn, 4.4, 4.3, 
30.2 S, 10.9 Fe, 7.5 Pb, 6.4, 6.3, 
1.0 SiO,) 12.4 12, 

22.4 22, 
42.4 41, 

102.4 102, 
202.4 200, 

*The mean value for germanium in CZN-1 by the proposed method is 2.4, pg/g (cf: 
Table 4). From 1 to 100 /lg of germanium was added to 0.5-g samples. 

silica causes a low result. Presumably, it interferes by 
competing with germanium to form ferric silicate and 
by forming a silicic acid gel when the hydrous oxide 
precipitate is dissolved in 3M hydrochloric acid be- 
fore the extraction step. This gel adsorbs germanium 
and prevents its extraction as the tetrachloride.‘5d 
Interference from silica can readily be avoided by 
volatilizing it with hydrofluoric acid after dissolution 
of the melt in dilute sulphuric acid. However, under 
these conditions, more than microgram-quantities of 
chloride should not be present, because some germa- 
nium will be lost by volatilization as the chloride 
when the solution is evaporated to fumes of sulphur 
trioxide to remove the excess of hydrofluoric acid. At 
the 50-pg level, the loss of germanium in the presence 
of 1 mg of chloride is N 10-20x. Conversely, if the 
hydrofluoric acid treatment is not required, up to at 

least 2 g of chloride can be present in the solution of 
the melt without causing loss of germanium when the 

solution is boiled to destroy the hydrogen peroxide 
produced. 

Interference from co-extracted chlorine, which ox- 
idizes phenylfluorone, is avoided by reducing it with 
ascorbic acid just before complex formation. This 
also reduces any iron(III) remaining after the extract 
is washed with concentrated hydrochloric acid. In the 
presence of the recommended amount of ascorbic 
acid, up to at least 5 mg of iron(II1) will not interfere 
during complex formation. 

* 
104.1 105, 

*Values include mean value for germanium present in the sample plus that added to a 0.5-g sample, viz. 1, 20 or 50 pg. 
tSilica removed by volatilizationwith hydrdfluoric acid. 
$Mean value shown in Table 4. 
9N.D. means none detected. 
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Table 3. Determination of germanium in CCRMP iron-formation samples 

Sample 
Nominal 

composition, “/, 

Ge found, pg/g 

Abbey et al. Proposed 
“usable values”* method 

FeR-1 

FeR-2 

FeR-3 

FeR-4 

17.0 SiO,, 0.5 A&O,, 
49.8 Fe,O,, 23.5 FeO, 
3.3 CaO. 2.4 P,O, 
48.9 SiO,, 5.2 AI,O,, 
22.6 Fe,O,, 15.3 FeO, 
2.1 MgO, 2.2 CaO, 
-0.01 Cl 
53.2 SiO,, 29.4 Fe,O,, 
13.7 FeO, 1.0 MgO 
50.0 SiO,, 1.7 A&O,, 
22.9 Fe,O,, 15.6 FeO, 
1.4 MgO, 2.2 CaO, 
-0.01 Cl 

3 2.7, 2.6 

6 7.1, 7.0 

4 4.5, 4.5 

5 6.4, 6.5 

*Approximate mean of two sets of values.” 

and concentrates and for three typical zinc-processing 
products, to which 2-100 pg/g of germanium was 
added, are also in good agreement with the calculated 
values. In these tests, the required volumes of appro- 
priate standard alkaline germanium solution were 
added to the zirconium crucibles and the solutions 
were gently evaporated to dryness before the addition 
of the sample and sodium peroxide. Table 3 shows 
that the results obtained for four CCRMP iron- 
formation samples agree reasonably well with the 
“usable” germanium values reported by Abbey et 
a/.35 These “usable” values, which are the approxi- 
mate means of the sets of values obtained by auto- 
mated d.c. arc optical emission and spark-source 
mass spectrometry, are only approximate interim 
germanium values because too few data were re- 
ported during the interlaboratory certification pro- 
gramme for firm values to be assigned. 

Table 4 shows that the precision for germanium at 
about 2-26 pg/g is reasonably good. The non-ferrous 
dust, PD-1, is a composite of metallurgical dusts 
collected on electrostatic precipitators from zinc and 
copper roaster stacks. 

In many existing methods for the determination of 
germanium in silicates and related materials, in which 
the extraction step follows the decomposition step, 
mixtures of hydrofluoric and sulphuric acids and 

Table 4. Precision for germanium in a CCRMP ore, concen- 
trate and non-ferrous dust 

Ge, figg/g 

HV-I* CZN- 1 PD-lt 

2.40 2.46 25.7 
2.39 2.43 26.0 
2.39 2.48 25.9 
2.29 2.34 26.1 
2.44 2.31 26.0 
2.38 2.40 25.9 

Mean (standard deviation) 0.06 0.08 0.15 

*Silica removed by volatilization with hydrofluoric acid. 
tThe approximate percentage chemical composition of PD- 

1 is 35.9 Zn, 12.2 Fe, 8.2 S, 7.0 Cu, 3.1 Si, 2.8 Pb and 
0.8 As. 

hydrofluoric and phosphoric acids, in the absence or 
presence of nitric acid, are recommended for the 
decomposition of the sample.6,7*‘5a,30 This is followed 
by the evaporation of the solution to fumes of 
sulphur trioxide and to a syrupy state, respectively, to 
ensure the complete removal of the excess of 
hydrofluoric acid which interferes in the extraction of 
germanium. Although these methods yield reason- 
ably accurate results for samples containing 
microgram-quantities of germanium, tests in which 
solutions containing 100 pg were evaporated to 
fumes of sulphur trioxide as described above, fol- 
lowed by the extraction of germanium, yielded con- 
siderably low results. Presumably, this could be 
caused by the formation, during prolonged evapo- 
ration with sulphuric acid, of crystalline germanium 
dioxide which is insoluble in hot water or cold 9M 
hydrochloric acid. Heating with hydrochloric acid is 
required for its dissolution.‘5”~36 In the proposed 
method for samples of high silica content, in which 
silica is removed by evaporation with hydrofluoric 
and sulphuric acids, the large amount of sodium salts 
present after fusion of the sample possibly inhibits the 
formation of this insoluble compound. Low results 
were obtained in similar tests with phosphoric acid, 
which was found to inhibit the extraction of germa- 
nium. As mentioned previously, a further disadvan- 
tage of both methods of acid attack is that the 
decomposition may not be complete.7,‘sd 

The proposed method has several advantages over 
older methods based on carbon tetrachloride extrac- 
tion and a phenylfluorone finish. It is quicker and 
simpler because only one extraction is required and 
because the extraction, washing and stripping steps 
are all done in the same separatory funnel. In addi- 
tion, sample decomposition is complete and the 
phenylfluorone finish in the presence of CTAB is 
more rapid and about twice as sensitive as finishes 
involving the use of gelatin, gum arabic or poly(viny1 
alcohol) as dispersing agents. The method is suitable 
for samples containing N 0.2 pg/g or more of germa- 
nium. It should also be directly applicable to zinc- 
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process solutions. The mean values obtained for the 17. B. J. Shelton, E. Komarkova, M. Josephson, E. B. T. 

CCRMP materials in Tables 24 should be of value Cook and K. Dixon, Natl. Inst. Metall., Johannesburg 

to analysts for comparison purposes. Rept., No. 1857, 1977. 
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Summary-A simple procedure for the rapid construction of inexpensive potassium-selective electrodes 
with vahnomycin-based PVC membranes is described. Potassium-selective membranes were formed on the 
end of Parafilm- or Tygon-covered glass tubes by dipping the tubes into a mixture of PVC, valinomycin, 
and dioctyl sebacate dissolved in tetrahydrofuran. Small internal Ag/AgCl reference electrodes were made 
with silver wire and placed inside the tubes with AgCl-saturated potassium chloride solution. This 
procedure yields tube-mounted membrane electrodes that perform as well as commercially available 
potassium-selective electrodes in terms of their response characteristics and practical applications with soil 
extracts. Moreover, it facilitates the evaluation of membranes with different compositions, for making 
ion-selective electrodes. 

Potassium-selective electrodes incorporating the 
neutral carrier valinomycin in PVC membranes have 
become extremely popular during the past decade.‘,’ 
These electrodes, which can be constructed with 
either an internal reference solution3A or a solid 
internal contact,’ have proved to be both reliable and 
versatile. Construction of these electrodes, however, 
can be quite cumbersome and, in some instances, may 
require specially designed membrane housings.4,5 
Furthermore, although potassium-selective PVC 
membrane electrodes are commercially available 
from several manufacturers,6.’ they are relatively ex- 
pensive, as are the membrane replacements period- 
ically required. Here, we report on a simple, rapid 
and inexpensive method of constructing potassium- 
selective tube-mounted membrane electrodes with 
valinomycin-based PVC membranes and Ag/AgCl 
internal reference elements. 

Electrodes 
EXPERIMENTAL 

The membrane material was a PVC-valinomycin- 
plasticizer mixture4 prepared by dissolving 5 mg of 
vahnomycin in 0.92 ml of dioctyl sebacate (DOS) in a 
screw-cap centrifuge tube, adding 150 mg of PVC and 2 ml 
of tetrahydrofuran (THF) as solvent, and mixing thor- 
oughly with a vortex mixer. Twenty or more electrodes can 
be prepared from this amount of material, which, if refrig- 
erated, will keep for several months. 

The Ag/AgCl internal reference electrodes were prepared 
by a modification of the procedure described by Bailey.’ A 
2.5-cm length of 20-gauge silver wire was welded to a Bcm 
length of l&gauge copper wire, dipped into a solution of 
PVC (500 mg dissolved in 34 ml of THF) several times, and 
air-dried. Approximately 1.5 cm of the PVC coating was 
removed from the tip end of the silver wire, which was then 
dtpped mto concentrated ammonia solution for 30 set, 
rinsed with demineralized water, dipped into 50% nitric acid 
until an even white colour developed ( . 60 set), and rinsed 
again. With a 500-kR, IO-turn, 0.75-w potentiometer to 
regulate the current from a 9-V battery, the silver wire was 

first made cathodic (platinum anode) in 0.1 M hydrochloric 
acid for 15-30 set at a current density that just produced 
bubbles at the cathode (-0.3 mA/mm2). The battery 
connections were then reversed, and the same current 
density held for 5-10 min. Properly prepared electrodes had 
a uniform purple-grey colour and were stored in AgCI- 
saturated 10m3 M potassium chloride. 

The membrane electrodes were constructed as follows. 
Membranes were formed on the ends of glass tubes (2 mm 
bore) by dipping the tubes in the PVC mixture and air- 
drying overnight. Because of the poor adhesion between 
glass and PVC and the non-availability of rigid small- 
diameter PVC tubing, a 5-mm length of the end to be dipped 
was wrapped with Parafilm or covered with Tygon tubing 
(3 mm bore) before diDDinE. The THF in the PVC mixture 
dissolved enough of the’Pa;afilm or Tygon to glue the PVC 
to the glass covering and thereby achieve a good seal 
between the membrane and the tube. When the membranes 
had dried, the tubes were partly filled with AgCI-saturated 
10e3M potassium chloride, in which the internal Ag/AgCl 
reference electrodes were then immersed, and the upper ends 
of the tubes were sealed with Parafilm. The electrodes thus 
prepared were conditioned in 10e5M potassium chloride for 
1-2 hr and calibrated. 

An Orion (model 93-19) and a Coming (model 476132) 
potassium-selective electrode were similarly conditioned and 
calibrated. An Orion (model 90-02) double-junction sleeve- 
type reference electrode with a saturated lithium acetate salt 
bridge was used in the calibration. 

Measurements 
Cell e.m.f. valves (E) were measured with a Coming 

(model 135) pH/Ion meter and recorded when the rate of 
change was IO.1 mV/min. Ail measurements were per- 
formed at 22.0 f 0.1” in plastic beakers, with the test 
solutions mixed at constant speed. The potassium-selective 
electrodes were stored in IO-‘M potassium chloride when 
they were not to be used for periods of 2 days or more, and 
otherwise in 1O-5 M potassium chloride. Calibration 
measurements were made in sequence from dilute to more 
concentrated solutions, the electrodes being rinsed with 
10-6M potassium chloride and lightly blotted dry between 
measurements. Before and after each complete calibration 
sequence, the electrodes were soaked in 10e6M potassium 
chloride for 15-20 min. 
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Fig. 1. Calibrations with tube-mounted membrane electrode 
A, 1 day, I week and 5 weeks after construction. 

RESULTS AND DISCUSSION 

Typical calibration results are shown in Fig. 1. The 
cell e.m.f. decreased by - 1.5 mV/day during the first 
week, then at only - 0.2 mV/day over the next 
month. Most of the rapid initial change was due to 

drift in the potential of the internal Ag/AgCl refer- 
ence electrode as it equilibrated with the internal 
solution. This drift can be eliminated by equilibrating 
the Ag/AgCl electrode in AgCl-saturated 10e3M 
potassium chloride for 3-5 days before use. The later 
changes are probably due to the effect of aging on the 
asymmetry potential of the PVC membrane. Similar 
but smaller changes were observed with the Orion 
and Corning electrodes. 

The response characteristics of our electrodes (after 
1 week of use) were very similar to those of the Orion 
and Corning electrodes (Table 1). The variations in 
cell constants (E”‘) are presumably due to differences 
between various internal reference solutions and 
asymmetry potentials. The response times, i.e., the 
times needed for AE to become 5 0.1 mV/min, for the 
electrodes were about the same: 3-5 min at low 
(I 10m5M) potassium concentrations and l-2 min at 
higher concentrations. The characteristics of all the 
electrodes were relatively unaffected by changes in 
pH from 5 to 11. 

Our electrodes performed as well as or better than 
the commercial electrodes in practical determinations 
of potassium in soil extracts. A comparison of the 
results obtained for potassium determinations in 
0.5M barium chloride extracts of 10 soil samples with 
our electrode C (TM-C), the Orion electrode, and 
standard atomic-absorption (AAS) procedures is 
given in Table 2. 

Our electrode provides an excellent alternative to 

Table 1. Experimentally determined response characteristics of various valinomycin-based potassium-selective 
electrodes 

LLRt LoS lo&xx§ 
Eo’* , Slope, 

Electrode type t?lV mVlpK PM mgll. PM mg/l. NH: Na+ Ba*+ 

Tube-mounted A 270.0 57.6 8.9 0.35 I.1 0.043 - 1.95 - 4.38 - 4.92 
Tube-mounted B 236.9 57.9 IO 0.39 1.7 0.066 
Tube-mounted C 226.4 58.4 6.1 0.24 0.86 0.034 - 1.96 - 4.93 - 5.78 
Orion 93-19 81.2 58.6 6.8 0.27 0.89 0.035 - 1.94 -4.11 - 4.90 
Corning 476132 223.7 57.7 10 0.39 1.6 0.063 - 1.95 - 4.66 - 4.99 

*Cell constant (sum of potential of the cell when ax - + - 1 the potentials of the internal and external reference , 
electrodes, and the liquid-junction and asymmetry potentials). 

tK+ concentration at the lower limit of linear response. 
SLimit of detection.’ 
§kkKx is the selectivity coefficient as determined by the mixed solution method* and X is NH: (O.OlM), Na+ 

(0.1&f) or Ba*+ (O.lM). 

Table 2. Comparison of the results obtained with potassium-selective electrodes 
and atomic-absorption for K+ in BaCl, extracts of soil 

Soil K+ R2§ 
extracted,* No. of cv,t 

Method /@gig replicates % AAS Orion TM-C 

AAS 109 3 2.7 1 0.962 0.994 

Orion electrode 111 3 1.0 - I 0.987 

TM-C electrode 106 3 0.5 - - I 

*Mean for IO soil samples. 
tcoefficient of variation. 
$Square of correlation coefficient. 
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the more expensive commercial electrodes, especially 
when the risk of damage to the membrane is high. 
Since the tube holding the membrane is quite small 
and can be even smaller, the electrodes are well suited 
for determination of potassium in small samples. 
Furthermore, many electrodes can be prepared at one 
time and the membranes can be easily removed and 
replaced. Accordingly, our technique for construc- 
tion of PVC membrane electrodes is particularly 
useful when a variety of membranes with different 
compositions is to be prepared and compared for 
specific applications. 
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DETERMINATION OF NICKEL BY FLAME 
ATOMIC-ABSORPTION SPECTROPHOTOMETRY AFTER 

SEPARATION BY ADSORPTION OF ITS NIOXIME 
COMPLEX ON MICROCRYSTALLINE NAPHTHALENE 

TOHRU NAGAHIRO and BAL KRISHAN PURI 
Himeji Institute of Technology, 2167, Shosha, Himeji-shi, Hydgo, Japan 

MOHAN KATYAL and MASATADA SATAKE 

Faculty of Engineering, Fukui University, Fukui 910, Japan 

(Received 31 December 1983. Accepted 1 June 1984) 

Summary-A method has been developed for the determination of nickel in alloys by flame atomic- 
absorption spectrophotometry after formation of a water-insoluble complex, its adsorption on micro- 
crystalline naphthalene, and dissolution of the complex and naphthalene in nitric acid and xylene. 

Nioxime forms a water-insoluble, thermally stable of the nioxime solution, and l-5 ml of buffer can be 
red complex with nickel, which can be determined used. The nickel complex forms completely in a few 
spectrophotometrically in the presence of gum arabic minutes. Adsorption is complete with 0.54.0 ml of 
in aqueous medium, ‘J but the complex is only par- the naphthalene solution and takes only a few sec- 
tially soluble in the common organic solvents and so onds of shaking. Mineral acids of various concen- 
cannot be determined by extraction and spec- trations were tried for dissolution of the nickel com- 
trophotometry. Like may other complexes,3-8 nickel plex and 3M nitric acid was found the most suitable. 
nioximate is readily and quantitatively adsorbed on The adsorption yield with the 0.4 g of naphthalene is 
microcrystalline naphthalene, however, and thus eas- constant for aqueous phase volumes up to 200 ml, 
ily separated from the aqueous phase. The nickel can but decreases for larger volumes. Beer’s law is obeyed 
then be stripped by dissolving the solid with nitric for nickel up to 5 pg/ml in the final aqueous solution. 

acid and xylene, and determined by atomic- For ten replicate determinations of 40 pg of nickel, 
absorption. the relative standard deviation was less than 1.4%. 

Reagents 

EXPERIMENTAL Eflect of diverse ions 

Standard nickel solution, 5 ppm. 
Nioxime solution in ethanol, 0.1%. 
Acetic acid/ammonium acetate buffer, 1M, pH 4.0 
Naphthalene solution in acetone, 20%. 

Procedure 

To a known volume (up to 40 ml) of sample solution 
containing 5-100 pg of nickel, in an 80-ml stoppered 
Erlenmeyer flask, add 2.0 ml of pH 4.0 buffer and I .5 ml of 
nioxime solution, mix, then after a few minutes add 2.0 ml 
of naphthalene solution and shake the mixture vigorously for 
30 sec. Filter off the nauhthalene on a filter paper (No. 5C, 
Toyo Roshi Co., Japai) placed flat on a perforated Teflon 
disc (3 cm in diameter) placed in an ordinary filter funnel 
or on a sintered glass filter (porosity 2). Wash with water, 
then add 13 ml of 3M nitric acid and 2 ml of xylene to the 
filter to dissolve the naphthalene and nickel complex. The 
nickel is then in the aqueous phase and the naphthalene in 
the xylene. Filter the aqueous phase into a 20-ml standard 
flask, and wash the paper with water until the solution is 
diluted to the mark. Aspirate the solution into an 
air-acetylene flame and measure the absorbance at 232.0 
nm, using a nickel hollow-cathode lamp. 

In determination of 40 pg of nickel the following 
compounds did not interfere, even at the lOO-mg 
level: KI, NaClO,, KNO,, NaCl, CH3COONa.3H,0, 
NH&l, sodium tartrate, Na,SO,, KSCN, NaF, 
KH,PO, .12H,O. Only relatively low amounts (1 mg) 
of sodium citrate and oxalate could be tolerated. 
EDTA and KCN interfered seriously. Mg, Mo(VI), 
Ca, W(VI), Mn(II), Pb, Cd, Hg(I1) and Ag (adsorbed 
at pH 11.2), could be tolerated even at the lOOO-mg 
level. Pd(I1) can be removed by prior extraction into 
molten naphthalene at pH 1.0. The following metal 
ions (amounts, mg, in parentheses) could be toler- 
ated: Al (1.50), V(V) (loo), Zn (SO), Cr(V1) (20), 
Pt(V1) (15), Bi(II1) (2), Fe(II1) (1.5) and Co (0.1). 
Cu(I1) (4 mg) could be completely masked with 5 ml 
of 5% thiourea. In analysis of steels, if the iron 
concentration is higher than the tolerance limit, it can 

be lowered by extraction from 6M hydrochloric acid 
medium with methyl isobutyl ketone or diethyl ether. 
Generally, metal ions such as Fe(III), Co and Cu(II), 
which form complexes, interfere with the deter- 
mination, and hence they must be eliminated with 
masking agents or by prior extraction with organic 
solvents. 

RESULTS AND DISCUSSION 

The optimum pH range is 3.2-l 1.2. The adsorption 
of the complex is quantitative with use of 0.3-6.0 ml 
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Table 1. Determination of nickel in samples 

Sample - 
N.B.S. 
SRM-163 
Low alloy 

N.B.S., 
SRM-171 
Magnesium alloy 

N.B.S., 
SRM-85 
Aluminium alloy 

JSS 157-3 
Carbon steel 

JSS 503-4 
Nickel- 
chromium steel 

JSS 505-4 
Ni-Cr-Mo 
steel 

CoSO,.7H,O* 

Co(NO,), .6HrO* 

Composition, 
% 

Nickel 
certified 
value % 

c:o.933, Mn:0.897 
P:O.O07, S:O.O27 
Si:O.488, Cu:O.O87 
Cr:0.982, Mo:0.029 
N:0.007 
Mn:0.45, Si:O.O118 
Cu:O.O112, A1:2.98 
Pb:0.0033, Fe:0.0018 
Zn: 1.05 
cu: 3.99, Mg: 1.49 
Mn:0.61, Cr:0.21 
Si:O.l8, Fe:0.24 
Zn:0.03, Ti:0.022 
Pb:0.021, Ga:0.019 
V:O.O06 
c:o.21, Si:O.21 
S:O.O25, Al:0.017 
Mn:0.61, P:O.O20 
Cr:O.lO, Cu:O.lO 
c:o.33, Si:O.27 
s:o.o20, N:0.0115 
Cu:O.O84, v:o.o04 
Mn:0.63, P:O.O29 
Cr:0.70, Mo:0.013 
c:o.20, Si:O.30 
S:O.O086, N:0.0061 
cuo.10, Al:0.026 
Mn:0.64, P:O.O2 
Cr:0.50, Mo:0.22 

0.081 

0.0009 

0.084 

0.11 

1.24 

1.82 

Nickel content. % 
,” 

Present 
method 

0.085, 0.082, 
0.082, 0.085, 
0.082 

0.0007, 0.0007 
0.0008, 0.0007 
0.0006 

0.089, 0.093 
0.089, 0.090 
0.087 

0.10, 0.10, 0.10 
0.11, 0.11 

1.28, 1.28, 1.27 
1.26. 1.27 

1.72, 1.75, 1.72 
1.76, 1.76 

0.009, 0.009, 0.009 
0.010, 0.010 
0.030, 0.031, 0.030 
0.030, 0.031 

Direct 
AAS 

0.082 

0.0008 

0.085 

0.11 

1.34 

1.93 

0.010, 0.010, 0.011 
0.010, 0.010 
0.030, 0.030, 0.031 
0.030, 0.031 

*Cobalt was removed from 8M HCl medium by extraction with three 30-ml portions of 5% tri-n-octylamine solution in 
xylene.9 

Analysis of alloys 

This method has been successfully applied to the 
analysis of nickel-containing alloys and metal salts. 
The results (Table 1) are in reasonable agreement 
with the certified values or those obtained by direct 
AAS determination. The method is not really suitable 
for alloys containing > -2% nickel, on account of 
the comparatively high relative standard deviation. 
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COMPARISON OF TWO DIGESTION METHODS USED IN 
THE DETERMINATION OF SELENIUM IN MARINE 

BIOLOGICAL TISSUES BY GAS CHROMATOGRAPHY 
WITH ELECTRON-CAPTURE DETECTION 
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Summary-The performance of two decomposition procedures, with (a) nitric/perchloric/sulphuric acid 
and (b) nitric acid/magnesium nitrate, in the determination of selenium in marine biological tissues by 
zas chromatozraohv with electron-capture detection was compared. Both methods were found satisfactory 
and performed e&ally well for sample dissolution, but method (b) was judged to be more convenient. 

Selenium is an essential element. During the course 
of analyses in establishing a reliable value for it in 
the newly issued lobster hepatopancreas reference 
material for trace metals, TORT-l, it was felt neces- 
sary to compare some existing digestion methods 
and evaluate their relative merits for use in con- 
junction with gas-chromatographic determination. 
Two decomposition procedures, namely with nitric/ 
perchloric/sulphuric acid and nitric acid/magnesium 
nitrate, were chosen because of their popularity and 
success with other types of materials. 

Acid digestion is generally used for decomposing 
biological materials for selenium determination. 
Within this category, nittic/perchloric acid digestion 
with or without sulphuric acid is most widely em- 

ployed. ‘A It has been used in conjunction with a 
variety of instrumental methods, including gas chro- 
matography with electron-capture detection.’ Nitric 
acid/magnesium nitrate digestion has also been used 
with the gas-chromatographic determination of sele- 
nium.5,6 It was the preferred decomposition method 
in one study and reportedly yielded cleaner chro- 
matograms.5 

Gas chromatography with electron-capture de- 
tection has been used to determine selenium in a 
variety of materials, after its reaction with o- 
phenylenediamine and conversion into piazselenol.’ 

In this study, the commercially available 4-nitro- 
o-phenylenediamine was selected as reagent. It reacts 
with selenium(W) to form 5nitropiazselenol. This 
reaction is highly selective and suffers from few, if 
any, known interferences. 

TORT-l is issued by the National Research Coun- 
cil of Canada’s Marine Analytical Chemistry Stan- 
dards Program. The material was prepared from 
commercial edible tomalley paste, considered a gas- 

*Author for correspondence. 
NRCC 23549. 

tronomic delight by many. The sample was homoge- 
nized, spray-dried, extracted with acetone, vacuum- 
dried, sieved, blended, bottled, and sterilized with 
gamma-radiation. The metal levels in tomalley are 
relatively high, and even more so in TORT- 1 because 
of the concentration factors inherent in the pro- 
cessing steps. 

EXPERIMENTAL 

A Varian 6000 gas chromatograph equipped with a 
constant-current electron-capture detector was used. The 
column was a 12-m fused silica capillary coated with SE-30. 
Splitless injection was used. Nitrogen (oxygen content < 10 
ppm), further purified by passage through molecular sieve 
5A and a heated oxygen-scavenger unit (Supelco), was used 
as carrier and make-up gas, at flow-rates of about 1 and 60 
ml/min respectively. The injector temperature was held at 
220”. In the temperature programme, the column was held 
at 120” for 2 min, and then heated at 20”/min to 200”, and 
held at that temperature for 11 min. The detector tem- 
perature was 300”. 

Reagents 

All reagents were of analytical grade. To minimize con- 
tamination, acids were further purified by sub-boiling dis- 
tillations Demineralized distilled water (DDW) was pro- 
duced by passing distilled water through a demineralizer 
consisting of a charcoal cartridge and two mixed-bed demin- 
eralizers (Cole-Palmer). Toluene was “distilled-in-glass” 
grade (Caledon). 

A lOOO-ppm selenium(IV) stock solution was prepared by 
dissolving sodium selenite (B.D.H.) in 1M hydrochloric 
acid, and standardized gravimetrically by precipitation of 
selenium with sulphur dioxide.9 Similarly, a lOOO-ppm sele- 
nium(VI) stock solution in 2M nitric acid was prepared 
from sodium selenate (B.D.H.). Working solutions were 
made by dilution of the Se(IV) and Se(VI) stock solutions 
with 1M hydrochloric acid and 2M nitric acid, respectively. 

A 1% 4-nitro-o-phenylenediamine hydrochloride solution 
in 1M hydrochloric acid was prepared as previously de- 
scribed.“’ 

Sample digestions 

In addition to TORT-l, another reference material, NBS- 
1566 oyster tissue, was used. They were both vacuum-dried 
before weighing, as recommended. 
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Nitric/perchloric/sulphuric acid digestion. Approximately 
1 g of sample was weighed and placed in a lOO-ml glass 
beaker, 25 ml of concentrated nitric acid were added and the 
beaker was covered. The mixture was allowed to stand for 
at least 2 hr. Then 5 ml each of concentrated perchloric and 
sulphuric acids were added, plus a few glass spheres to 
minimize bumping. The beaker was placed on a hot-plate 
and gradually heated until the nitric acid boiled gently. 
When the volume was reduced to about 25 ml, the tem- 
perature was raised to drive off nitric acid rapidly. The 
beaker was removed from the hot-plate when the volume 
had been reduced to 15 ml, and allowed to cool for 1 min. 
Then 3 ml of concentrated nitric acid were added. The digest 
was heated until dense white fumes of perchloric acid 
appeared and its volume was reduced to 5 ml. The solution 
was cooled and 5 ml of 10M hydrochloric acid were added. 
It was then heated to 95” for 15 min, cooled, transferred into 
a 50-ml standard flask and diluted to the mark with DDW. 

Nitric acid/magnesium nitrate digestion. Ten ml of concen- 
trated nitric acid and 4 g of magnesium nitrate hexahydrate 
were added to a l-g sample in a lOO-ml beaker. The mixture 
was allowed to stand at room temperature for at least 2 hr. 
The beaker was then put on a hot-plate and heated at 95” 
for 3 hr, after which the contents were slowly evaporated to 
dryness overnight. The next morning, the hot-plate was kept 
at its maximum temperature until volatilization of nitrogen 
dioxide ceased. The beaker was then placed in a cold muffle 
furnace, heated up to 500” and held at that temperature for 
30 min. The beaker was cooled, 5 ml of 10M hydrochloric 
acid were added and the solution was heated at 95” for 15 
min. The digest was allowed to cool and transferred into a 
50-ml standard flask. Finally 5 ml of 40% urea solution were 
added, followed by dilution to volume with DDW. 

Analytical procedure 

Determinations were done by the method of standard 
additions. A O.l-ml portion of the digest solution and the 
appropriate amount of Se(IV) spike were allowed to stand 
with 0.1 ml of 1% Cnitro-o-phenylenediamine hydro- 
chloride solution in a 5-ml “Reacti-vial” (Chromatographic 
Specialities Ltd.) for 2 hr, then 1 ml of toluene was added. 
The vial was shaken vigorously for 5 min to extract the 
5-nitropiazselenol into the organic phase, and 1 pl of the 
toluene layer was injected into the chromatograph. The 
injection was repeated at least three times for each extract, 
and the average taken. 

RESULTS AND DISCUSSION 

Figure 1 shows chromatograms resulting from 
both digestion methods. They were all reasonably 
clean, with the piazselenol peak the most prominent; 
the extra peaks were due to excess of 
4-nitro-o -phenylenediamine, its reaction side- 
products, and impurities in the toluene. In this re- 
spect both procedures were equally satisfactory. This 
apparently contradicts an earlier report which judged 
the nitric acid/magnesium nitrate digestion the more 
favourable.5 However, that comparison was made 
with a nitric acid and a nitric/perchloric/sulphuric 
acid/hydrogen peroxide digestion, and the experi- 
mental conditions were different from ours. 

In terms of convenience and ease of use, the nitric 
acid/magnesium nitrate digestion is preferred. 
It requires minimal attention, and because the digest 
is taken to dryness, constant volume checks are 
not necessary, in contrast to the nitric/perchloric/ 
sulphuric acid decomposition, where the digest vol- 

* 

Fig. 1. Chromatograms of piazselenol prepared from acid 
digest of TORT-l: (a) nitric/perchloric/sulphuric acid di- 
gestion; (6) nitric acid/magnesium nitrate digestion; (c) 

blank for (b). 

ume at each stage is moderately critical (control to 
+20% is needed). Further, unattended overnight 
heating reduces the man-hours of labour. 

In both decomposition procedures, the tem- 
perature and its rate of change were controlled to 
minimize charring, which usually results in low sele- 
nium recoveries. ‘A’ Heating with 10M hydrochloric 
acid was used to convert Se(V1) into Se(IV) [neces- 
sary because only Se(IV) reacts to form the piaz- 
selenol]. 

Both digestion methods were judged satisfactory 
fol: selenium determination by gas chromatography. 
Table 1 shows both decomposition procedures gave 

Table 1. Selenium concentrations in marine biological 
tissues 

Se concentration, fig/g 

Sample 

TORT- 1 

NBS-1566 

Digestion 
method* 

: 

Z 

Found? 

7.3, * 0.4, 
7.0, * 0.4, 
2.1, * 0.2, 
2.2, + 0.2, 

Certified 
value@ 

6.88 f 0.47 

2.1 + 0.5 

*a = nitric/perchloric/sulphuric acid digestion; b = nitric 
acid/magnesium nitrate digestion. 

tMean f standard deviation (n = 5). 
§Mean f 95”/, confidence limit. Certified values were derived 

from re&s of at least two independent analytical 
techniques: for TORT-l. atomic-absomtion soectrom- 
etry, isotope-dilution spark-source ma& specirometry 
and gas chromatography; for NBS-1566, atomic- 
absorption spectrometry, isotope-dilution spark-source 
mass spectrometry and neutron-activation analysis. 
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results in good agreement with the certified values, titative recoveries) and yield clean chromatograms. 
with no significant difference between them. Convenience is the only criterion in which they differ, 

A limited recovery study with 1Opg of Se(IV) or the nitric acid/magnesium nitrate digestion being 
Se(V1) added to 1 g of biological material before the superior. 
digestion showed quantitative recovery of both REFERENCES 
[98 f 5% for Se(IV) and 102 + 6% for Se(VI), 8 
replicates for each]. No organoselenium compounds 

1. M. Verlinden, Talanta, 1982, 29, 875, and references 
therein. 

were tested for recovery, but the results in Table 1 2. H. Uchida, Y. Shimoishi and K. Toei, Analysr, 1981, 

suggest that decomposition of such compounds 106, 757. 

would be complete. 
3. R. J. Mailer and J. E. Pratley, ibid., 1983, 108, 1060. 

The gas chromatographic determination was sim- 
4. W. A. Mahler, Anal. Letr., 1983, 16, 801. 
5. C. F. Poole, N. J. Evans and D. G. Wibberley, J. 

nle but sensitive. the detection limit. calculated as Chromatoz.. 1977. 136. 73. 

twice the reagent blank, being 0.5 pg of injected Se, 
or 250 ng per g of sample. The latter figure could 
easily be lowered by increasing the volume ratio of 

6. T. P. Mc&thy,‘B. Brodie, J. A. Milner and R. F. 
Bevill, ibid., 198 1, 225, 9. 

7. K. Toei and Y. Shimoishi, Talanta, 1981, 28, 967, and 
references therein. 

digest to toluene in the extraction. The precision for 8. R. Daheka, A. Mykytiuk, S. S. Berman and D. S. 
15 pg of injected Se was better than 7%; the main Russell, Anal. Chem., 1976, 48, 1203. 

source of variation was drift in the detector sensi- 9. A. I. Vogel, A Text-book of Quantitative Inorganic 

tivity. 
Analysis, 3rd Ed., pp. 508-509. Longmans, London, 

Both methods were found to decompose the sam- 
1961. 

10. K. W. M. Siu and S. S. Berman, Anal. Chem., 1983, 55, 
ples satisfactorily (giving accurate results and quan- 1603. 
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A SENSITIVE SPECTROPHOTOMETRIC METHOD FOR 
THE DETERMINATION OF HYDROXYLAMINE BY 
USE OF p-NITROANILINE AND N-(l-NAPHTHYL)- 

ETHYLENEDIAMINE 

PRATIMA VERMA and V. K. GUPTA* 

Department of Chemistry, Ravishankar University, Raipur, 492010 India 

(Received 3 October 1983. Revised 26 April 1984. Accepted 26 May 1984) 

Summary-A sensitive method for the spectrophotometric determination of hydroxylamine is described, 
based on known diazotization and coupling reactions. Hydroxylamine is oxidized by iodine in acetic acid 
medium to nitrite which then diazotizes p-nitroaniline to form a diazonium salt which is later coupled 
with N-( I-naphthyl)ethylenediamine to give a purple dye which has an absorption maximum at 545 nm, 
with a molar absorptivity of 6.6 x lo4 l.mole-‘.cn-‘. Beer’s law is obeyed over the hydroxylamine 
concentration range O-8 pg/25 ml (0.0.32 ppm) in the final solution. 

The determination of hydroxylamine is important in 
studies of biological processes and for industrial 
purposes. It has been detected in bacterial media and 
in the tissue of a number of organisms. It is produced 
during the reduction of nitrites.’ Hydroxylamine is 
often found in biological materials in combined 
forms, e.g., as hydroxamic acids or oximes.* The 
toxicity of hydroxylamine and its derivatives has been 
described.3 

Earlier methods for the spectrophotometric deter- 
mination of hydroxylamine were based either on the 
Griess-Ilosvay reaction35 after oxidation to nitrite6 
or on direct reaction with hydroxylamine.’ Other 
spectrophotometric methods reported’-” are less sen- 
sitive and suffer from common interferences. 
Titrimetric methods’2-‘4 reported are generally based 
on oxidation of hydroxylamine. Electrochemical 
methods’S’ utilize the redox properties of hydroxy- 
lamine. A coulometric method15 is based on reduction 
of Fe’+ to Fe*+ by hydroxylamine. There is a poten- 
tiometric titrationI of Fehling’s solution with hy- 
droxylamine, and also a chronopotentiometric 
method.” 

The present communication describes a sensitive 
method based on combination of two well-tried 
reactions: oxidation of hydroxylamine to nitrite by 
iodine in acetic acid medium,6 and nitrite 
determination with p-nitroaniline (EN A) 
and N-( I-naphthyl)ethylenediamine dihydrochloride 
(NEDA).18 The purple product has an absorption 
maxima at 545 nm. The reaction is very sensitive and 
Beer’s law is obeyed over the hydroxylamine range 
0-8pg/25 ml of the final solution (0.0-0.32 ppm). 
The molar absorptivity is (6.60 + 0.01) x lo4 
l.molee’.cm-‘. 

*To whom correspondence should be sent. 

EXPERIMENTAL 

Reagents 

Stan&d hydroxylamine solution, 4 pg/ml. Prepared by 
appropriate dilution of stock solution. 

Sodium acetate solution, 2.5%. 
p-Nitroaniline solution, 0.05%. 
Iodine reagent. Iodine (1.3 g) dissolved in 100 ml of glacial 

acetic acid. 
Sodium thiosulphate solution, 2.%. 
N-( 1-Naphthyl) ethylenediaminedihydrochloride (NEDA) 

solution, 0.2%. 
All reagents used were of anlytical grade, and doubly 

distilled water was used throughout. 

Procedure for hydroxylamine 

To an ahquot of sample solution containing O-8 pg of 
hydroxylamine, in a 25-ml standard flask, add 1 ml of 
sodium acetate solution, 1 ml ofp-nitroaniline solution and 
0.5 ml of iodine reagent, shake and allow to stand for 2-5 
min. Remove the residual iodine by dropwise addition of 
sodium thiosulphate solution (avoid excess). Add 2 ml of 
N-( I-naphthyl)ethylenediamine solution and let stand for 10 
min for complete development of the purple colour, then 
make up to the mark with 25% v/v acetic acid solution. 
Measure the absorbance at 545 nm against a reagent blank. 

Procedure for benzohydroxamic acid 

To 1 ml of sample solution containing l&80 pg of 
benzohydroxamic acid in a 25-ml standard flask add 0.5 ml 
of sodium acetate solution, 1 ml of p-nitroaniline solution, 
and 0.2 ml of iodine solution, shake and let stand for 2-5 
min. Then add thiosulphate solution dropwise and continue 
as for hydroxylamine. 

RESULTS AND DISCUSSION 

The absorption spectrum of the product shows I,, 
at 545 nm. The absorbance was maximal and indepen- 
dent of pH in the range 2.2-3.0. This pH range is 
obtained by adding 0.5 ml of the iodine reagent and 
subsequently diluting with 25% acetic acid solution. 
(The colour is not stable if water is used for the final 
dilution.) 
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Table 1. Effect of foreign species on determination of 
0.16 ppm of hydroxylamine 

Tolerance limits*, ppm 

Phenylhydrazine, 2000 Hydrazine, 2000 
2.4-Dinitronhenvlhvdrazine. 2250 Hydrocarbons, 5000 
.&ohols, 2-000 - - Aidehydes, 1500 
Cd2+, 2000 Pb*+, 2000 
ZnZ+, 2500 H2+, 1500 
Cu’+, 600 Fe’+, 1000 
Ca*+, 600 Mg*+, 650 

*Concentration which causes a 2% error. 

The oxidation of hydroxylamine to nitrite is fast, 
and complete in 2 min. The excess of iodine should 
be removed within the next 5 min, or lower absorb- 
antes will be obtained. Sodium thiosulphate solution 
is added dropwise to remove the iodine, but excess 
must be avoided or low absorbances will be obtained. 
However this effect can be prevented by addition of 
bromobenzene solution, as reported by Lee and 
Roughan.” 

The time required for full colour development at 
pH 2.2-3.0 is 10 min after addition of the NEDA 
solution. The best results are obtained if the reaction 
is done at 10-30”. Higher temperatures reduce the 
rate of the reaction. 

The colour system was found to obey Beer’s law 
over the hydroxylamine concentration range O-8 
pg/25 ml (O.&O.32 ppm) in the final solution. The 
reproducibility of the method was determined by 10 
replicate determinations of 4 pg of hydroxylamine 
over a period of 10 days. The mean absorbance was 
0.400, standard deviation 0.0037. The molar absorp- 
tivity was found to be 6.60 x lo4 I.mole~‘.cm-‘. 

Effect of foreign species 

Hydroxylamine (4 pg) was determined in the pres- 
ence of known amounts of various species likely 
to accompany it. Excess of hydrazine, 2,4-dinitro- 
hydrazine and phenylhydrazine did not interfere pro- 
vided sufficient excess of iodine was used in the 
oxidation. Several common organic species and 
several metal ions also did not interfere. The toler- 
ance limits are shown in Table 1. Nitrite interfered 

but could be removed by adding 1 ml of 3% sul- 
phamic acid solution before the iodine oxidation. 

Application to determination of benzohydroxamic acid 

Primary hydroxamic acids are quantitatively ox- 
idized to nitrite by the iodine reagent. Benzo- 
hydroxamic acid is directly oxidized to nitrite by 
iodine at pH W-6.5. At pH 2.2-3.0 no colour is 
formed. Benzohydroxamic acid is oxidized at pH 
-5.5, then estimated by following the procedure 
described earlier. Beer’s law is obeyed in the range 
O&80.0 pg of benzohydroxamic acid/25 ml of 
solution. The molar absorptivity (referred to 
benzohydroxamic acid) is 2.50 x lo4 l.mole-‘.cm-‘. 
For 40 pg/25 ml concentration the mean absorbance 
is 0.281, standard deviation 0.003. 
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Summary-The official compendia1 method for the determination of dextropropoxyphene napsylate, 
caffeine, aspirin and salicylic acid involves a lengthy extraction by gas chromatography and spec- 
trophotometry. The analytical scheme reported here provides a fast, sensitive, and stability-indicating 
reversed-phase HPLC assay for all these components concurrently. The total elution time is 10 min. The 
accuracy of the method has been tested on commercial products. The method can easily detect low levels 
of salicylic acid. 

Dextropropoxyphene napsylate (DPN) is a widely 
prescribed analgesic for mild to moderate pain, either 
alone or in combination with caffeine, aspirin or 
acetaminophen. Several methods for the detection of 
DPN have been reported. The calorimetric’** and 
TLC3 methods lack the sensitivity necessary for deter- 
mination of low concentrations. In biological fluids, 
DPN has been determined by gas chromatography 
(CC),@ but there have been conflicting opinions 
about the stability of DPN under various GC condi- 
tions. The amounts of decomposition have been 
found to be dependent on column temperature, sam- 
ple size and flow-rate.’ Numerous methods have been 
reported for the determination of aspirin, including 
calorimetry, ‘O fluorimetry” and GC.‘2*‘3 Aspirin in 
combination with caffeine, phenacetin or acet- 
aminophen has been determined by HPLC.‘4*‘5 Deter- 
mination of DPN and aspirin by the National For- 
mulary (13th Ed.) method (NF XIII) involves con- 
ventional extraction of the two drugs. The 
concentration of each is then determined by infrared 
spectrometry. DPN and aspirin have also been deter- 
mined by ultraviolet spectrophotometry after separ- 
ation by partition chromatography.‘6 A mixture of 
propoxyphene hydrochloride, aspirin, caffeine and 
phenacetin has been analysed similarly” but the 
method is slow. 

The current official method” for determining 
DPN, caffeine, aspirin and salicylic acid in a mixture 
involves separation of salicylic acid by column par- 
tition chromatography followed by ultraviolet spec- 
trophotometry, separation by gas chromatography 
with nitrogen as carrier gas for determination of 

DPN and caffeine, and calorimetry for aspirin. This 
method, while specific, is lengthy and requires three 
samples. The analytical scheme described in this 
paper provides a fast, sensitive and reliable reversed- 
phase HPLC method for simultaneous separation of 
the four compounds. 

Reagents 

EXPERIMENTAL 

Glacial acetic acid, salicylic acid (B.D.H) and sodium 
pentane sulphonate (Fluka) were reagent grade. HPLC- 
grade methanol (Fluka) and distilled demineralized water 
were used. Standard DPN (Siegfried, Basle), caffeine 
(Boehringer, Ingelheim, West Germany). and asoirin _,, 
(Graesse; Salicyl%es, Deeside, England), were used as re- 
ceived; their purities were certified as 99.7, 99.9 and 99.85%, 
respectively. The Varian 5000 LC HPLC system, equipped 
with a Valco manual loop injector (Valco Instruments Co., 
Houston, Texas) was connected to a Varian UV-50 variable 
wavelength detector (1 229 nm) and Varian 9176 chart 
recorder. A 300 x 4 mm reversed-phase octadecylsilane col- 
umn (Varian Micropak MCH-10) was used. 

Chromatographic conditions 

The mobile phase was prepared by dissolving 0.1922 g of 
sodium pentane sulphonate in 700 ml of water and 300 ml 
of methanol and adjusted to pH 3.9 with glacial acetic acid. 
It was always filtered through a Gelman 0.45-pm filter and 
degassed by vacuum before use. The flow-rate was 
2.0 ml/min and pressure about 2000 psi. The detector 
sensitivity was 0.1 absorbance full-scale for DPN. caffeine 
and asp& and 0.02 for salicylic acid. The chart speed was 
0.5 cm/min. 

Standard preparation 

A four-component standard methanolic solution was 
prepared containing 5Opg of DPN, 30pg of caffeine, 
375 pg of aspirin and 3.75 pg of salicylic acid per ml. The 
solution was filtered through a 0.45- pm filter before use. 
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Sample preparation 

Twenty capsules were emptied and their contents 
weighed. The average content per capsule was weighed out 
and dissolved in 100 ml of methanol. The solution was 
filtered through a 0.45~pm filter, and 5 ml of the filtrate were 
diluted to 50 ml with methanol. 

Assay method 
Equal volumes (10 ~1) and approximately equal concen 

trations of freshly prepared standard and sample prepara. 
tions were injected into the HPLC and chromatographec 
under the conditions described above. The peak height: 
were measured for each component in both samples ant 
standards, and the content in the sample was calculated b! 
simple proportion. The quantity of each component injectec 
was always within the linearity range. 

RESULTS AND DISCUSSION 

Calibration standard solutions of DPN, caffeine, 
aspirin and salicylic acid were prepared and the 
following quantities of each compound were injected: 
0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4 and 5pg. A plot of peak 
height vs. amount injected was linear up to 3 pg for 

DPN, and up to 5 pg for the other three, with 
correlation coefficients of 0.999 or better. 

Each standard was doped with pharmaceutical 
excipients and subjected to HPLC analysis. In all 
cases, satisfactory recoveries and reproducibility of 
peak heights were obtained (Table 1). No interference 

due to excipients was detected in the chromatograms 
produced. 

The specificity of the method is shown by the 
complete separation of DPN, salicylic acid, aspirin 
and caffeine, with retention times of 2.5, 4.3, 5.5 and 

9.4 min, respectively (Fig. 1). 
The detection limit was determined by diluting the 

standard solution with methanol and injecting 1~1 of 
each solution into the column. The amounts that 
produced a signal equal to twice the noise were 4.8, 
30, 6, and 7 ng, for DPN, caffeine, aspirin and 

salicylic acid, respectively. 
The reproducibility was checked by analysing a 

commercial product on four separate days. The re- 
sults listed in Table 2 show reproducibility with no 
statistical difference at the 5% level, and the accuracy 
is shown by the agreement between the amounts 
nominally present (“label claim”) and those found. 

Stability studies 

To determine the stability-indicating capability of 
the procedure, samples of caffeine and aspirin, and 
also samples of a commercial product, were stored in 
tubes at 50” in a humid atmosphere. A sample was 

Table 1. Recovery studies 

Standard Recovery, %* 

DPN 100.4 k 1.8 
Caffeine 99.5 * 2. I 
Aspirin 99.4 + 1.9 
Salicylic acid 102.1 + 10.7 

*Mean + RSD for 8 determinations. 

< 
‘ 
< 

(a) 

Fig. 1. (a) A typical chromatogram for a 10 ~1 injection of 
a synthetic mixture containing 0.50, 0.01, 3.75, and 0.30 pg 
of DPN, salicylic acid (SA), aspirin (ASA) and caffeine, 
respectively. Full-scale deflection = 0.10 absorbance. (b) 
The same chromatogram with full-scale deflection = 0.02 
absorbance. Chromatographic conditions as described in 

the text. 

taken daily and assayed. It should be noted that DPN 
was not studied individually because it had been 
shown in an earlier study to be stable.” 

The results in Table 3 show the stability of caffeine 
and the partial degradation of aspirin, with an in- 
crease in salicylic acid content after seven days. 
Moreover, the results in Table 4 show that when the 
commercial product is stored for the same period of 
time it yields essentially the same results. This clearly 
illustrates that the method is specific. In conclusion, 
the HPLC method described here is applicable to 
individual bulk drugs as well as commercial combina- 
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Table 2. Precision studies on Doloxene Compound-SO (lot 60631 AE, 
E. Lilly, England) 

% of label claim f RSD* 

Day DPN 

1 100.4 + 0.9 
2 99.4 * 2.1 
3 100.1 +- 1.2 
4 100.2 + 1.2 

Caffeine 

100.0 f 2.6 
100.0 f 0.0 
100.9 k2.1 
101.9 f 0.0 

Aspirin 

100.7 * 1.4 
100.1 * 1.7 
100.2 * 1.0 
100.1 + 1.2 

z? + RSDt 100.1 f 1.4 100.7 f 1.7 100.3 * 1.2 

*Mean k RSD for 5 determinations on each day. 
tMean f RSD for all 20 determinations. 

Table 3. Stability studies for individual standards 

% of label claim & RSD (6 samples) 

Period 
elapsed 

days Caffeine 

Aspirin 

Aspirin Salicylic acid 

1 99.7 + 0.3 99.5 + 0.4 0.3 f 0.0 
7 100.7 + 1.0 100.0 + 0.3 0.9 + 0.2 

Table 4. Stability studies on Doloxene Compound-50 (lot 6063 1 AE, E. Lilly, England) 

Period 
elapsed 

days 

1 
7 

% of label claim + RSD (6 determinations) 

DPN Caffeine Aspirin Salicylic acid 

99.6 f 1 .O 101.3 + 1.8 98.5 f 1.0 0.4 f 0.0 
100.0 f 1.0 99.2 + 2.5 99.5 * 0.9 l.Of0.1 

tions, with minimum sample manipulation. The total 
elution time is 10 min. As shown above, the method 
is accurate, fast and stability-indicating. 
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Sunnnary-A simple and rapid titrimetric method is described for the microdetermination of Ag+, Cd2+ 
and Pb*+, based on their formation of mercaptides with a measured excess of 2-mercaptopropanoic acid, 
and similar determination of Hg*+ with thioglycollic acid. Univalent and bivalent metal ions release one 
and two thiol protons respectively, which along with the carboxyl protons of the thiol reagent are titrated 
with standard alkali. The difference from the blank titration gives the increase in acidity which is a function 
of the metal-ion concentration. The proposed procedure is applicable to samples containing 
0.025-0.25mmole of these ions, the average deviation being in the range 0.2-0.5x. 

Silver and mercury(H) have been extensively used as 
reagents in the determination of mercaptans.’ Or- 
ganomercuric salts have generally been employed but 
some authors have recommended the use of mercuric 
chloride.*’ Though a number of titrimetric pro- 
cedures are available for determining ionized mercu- 
ric salts,4 these fail when applied to weakly ionized 
Hg(I1) salts such as mercuric chloride. The latter is 
usually determined by titration with potassium iodide 
or by reduction to mercury(I) chloride, which can be 
collected and weighed,’ or titrated with iodine4 or 
potassium iodate.6 It was, therefore, thought worth- 
while to study the reaction of mercuric chloride with 
certain mercaptans with a view to developing a rapid 
and convenient titrimetric procedure for its deter- 
mination. Our earlier work’ on the determination of 
certain mercaptans was based on their treatment with 
an excess of mercuric chloride and titration of the 
acid liberated. Under these conditions the molar 
reacting ratio was 1: 1. If the mercaptan is in excess, 
however, a I:2 reacting ratio was observed: 

Hg*+ + 2RSH+(RS)*Hg + 2H+ 

This reaction has now been utilized in a simple and 
accurate method for determining mercuric chloride. 
A micro procedure has been evolved for determining 
mercury(II), and also silver, cadmium and lead. 
2-Mercaptopropanoic acid is suitable for the mercury 
determination, but gives an insoluble mercaptide 
with silver, cadmium and lead, and this interferes 

*Address for correspondence: Dr. R. M. Verma, 226, 
Napier Town, Jabalpur 482001, India. 

with detection of the end-point. Though thioglycollic 
acid also gives a precipitate with these three metals, 
the precipitate dissolves just before the equivalence 
point during the titration, and does not impair the 
phenolphthalein end-point. The dissolution of the 
precipitate can serve as a guide to the approach of the 
end-point. In the blank titration only the carboxyl 
proton is titrated, whereas for the samples the pro- 
tons released from the thiol group and the carboxyl 
protons of the reagent are titrated. The difference in 
the volume of alkali used (AI’ ml, molarity 
corresponds to the metal concentration in the 
solution: 

W 
test 

mg of metal ion = 
atomic weight 

ionic charge > 
MAV 

EXPERIMENTAL 

Reagents 

All solutions were prepared with analytical-reagent grade 
chemicals and conductivity water. 

2-Mercaptopropanoic acid. Standardized with potassium 
iodate solution,* and diluted to give 0.025,0.020,0.0125 and 
O.OlM solutions. 

Thioglycollic acid. Standardized by titration with iondine 
solution9 and diluted to give 0.05, 0.025, 0.0125 and O.OlM 
solutions. 

Sodium hydroxide. Standardized with oxalic or preferably 
furoic acid solution; 0.05,0.025 and 0.0125M solutions were 
prepared by dilution. 

Phenolphthalein. A 1% solution in 1: 1 v/v ethanol-water 
mixture. 

Metal salt solutions. Silver nitrate and mercuric chloride 
solutions were prepared by dissolving a known weight of the 
salt and diluting to known volume with water. Solutions of 
lead nitrate and cadmium sulphate were standardized bv 
titration with EDTAb and then suitably diluted. 
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Table 1. Determination of some metal salts with mercaotans 

1019 

Relative 
Amount of metal, mg Average standard 

Compound 

Silver nitrate 

deviation, deviation, 
Taken Recovered* % % 

26.97 27.02 0.2 0.2 

Mercuric chloride 

Cadmium sulphate 

Lead nitrate 

13.49 13.54 0.4 0.3 
6.74 6.11 0.5 0.3 

20.06 20.10 0.2 0.1 
10.03 10.06 0.3 0.2 
5.01 5.03 0.4 0.2 

22.48 22.55 0.3 0.2 
11.24 11.27 0.3 0.2 
5.62 5.64 0.4 0.3 

25.90 25.95 0.2 0.1 
10.36 10.40 0.4 0.2 
5.18 5.20 0.4 0.3 

*Average of 6 determinations. 

Procedure 

Pipette 5 or 10 ml of metal salt solution containing 
0.025-0.25 mmole of the substance and add about 100% 
excess of mercaptan solution (Zmercaptopropanoic acid for 
mercuric chloride and thioglycollic acid for silver, cadmium 
and lead salts). With mercuric chloride a precipitate appears 
initially but eventually dissolves when all the reagent has 
been added and the mixture is shaken. With silver, cadmium 
and lead salts, the dissolution of the mercaptide occurs just 
before the end-point. 

Add 5-10 drops of phenolphthalein solution and titrate 
with standard sodium hydroxide solution. Run a blank with 
the same volume of mercaptan solution as that added to the 
sample. From the difference between the volumes of alkali 
needed for the blank and sample calculate the amount of 
metal: 1 ml of 0.02M sodium hydroxide = 2.006 mg of 
mercury, 2.158 mg of silver, 1.124 mg of cadmium or 
2.072 mg of lead. 

RESULTS AND DISCUSSION 

Silver nitrate, mercuric chloride, cadmium sulphate 
and lead nitrate were used for testing the proposed 
method at three concentration levels between 0.005 
and 0.025M. The results recorded in Table 1 are the 
averages of six determinations. The recovery studies 
showed that the average deviation is between 0.2 and 
0.5% and the relative standard deviation between 0.1 
and 0.3%. 

Several gravimetric methods have been proposed 
for the determination of mercury(I1) but the most 
suitable weighing form is the sulphide.” However, it 
is difficult to keep volatilization losses within reason- 
able limits.4 Titrimetric methods for determining mer- 
cury(I1) involve neutralization, precipitation or redox 
reactions. The Volhard titration with thiocyanate, 

using iron(II1) as indicator,” has the disadvantage 
that the reaction is not quite stoichiometric,i2 and 
halides interfere. The EDTA titration can be done 
in presence of chloride and even small amounts 
of bromide, with Eriochrome Black T as indicator, at 
pH > 10. Because the mercury cannot be kept ini- 
tially in solution at such high pH values without the 
aid of auxiliary complex-forming substances (which 
will interfere in the EDTA titration)” a back- 

titration method is generally used. Most of these 
titrimetric procedures are applicable only to ionized 
mercury salts and cannot be used for determining 
mercuric chloride. Most of the redox methods involve 
reduction of mercury(I1) to mercury(I), followed by 
oxidimetric titration of the latter, which is time- 
consuming. 

The most extensively used methods for the deter- 
mination of silver are precipitation as silver chloride 
or bromide, or the so-calledi Volhard titration, 
which is satisfactory only at macro levels. Several 
organic reagents have been used for gravimetric 
determination of cadmium, and there are several 
procedures in which cadmium is precipitated by 
suitable reagents and the precipitate analysed ti- 
trimetrically. In most cases cadmium has to be sepa- 
rated from interfering elements before a titrimetric 
method is feasible. Only the EDTA complex is suit- 
able for the direct titrimetric determination of cad- 
mium, but there is extensive interference from other 
elements. However, a combination of pH control and 
masking reactions will eliminate most interferences.” 
The gravimetric determination of lead is based on its 
precipitation as sulphate, chromate, molybdate, io- 
date, salicylaldoximate etc. The chromate precipitate 
can be analysed iodometrically. The best titrimetric 
method is with EDTA. 

The procedure proposed here is simple, rapid and 
accurate. No unusual reagent or indicators are re- 
quired and the reaction conditions are not critical. It 
has been observed that addition of lOO-300% excess 
of mercaptan solution or letting the mixture stand for 
2-30 min before the titration does not affect the 
results. There will obviously be interference by the 
presence of any metals which react with mercaptans. 
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Summary-A solid membrane electrode selective to chloride ions has been prepared from Fe-Zr mixed 
hydrous oxide (with iron as a major constituent) with polystyrene as binder. Although the response of 
the electrode is non-Nemstian it can be utilized to estimate chloride in the concentration range 
10-4-10-1M. The potentials generated across the membrane are reproducible within k 0.2 mV and the 
response time is a few seconds. The standard deviation of the potential measurements is 0.4 mV at the 
0.1 M level. The useful pH range is 4-7 and the electrode can also be used in partially non-aqueous systems. 
The electrode exhibits fairly good selectivity for chloride. 

Hydrous oxides of zirconium, thorium, tin etc., are 
known to possess anion- as well as cation-exchange 
properties, depending on the pH of the environment 
These oxides can be used as ion-sensors when com- 
bined with an appropriate membrane and suitable 
support matrix,’ because they have fixed ionic groups 
in their structure, ensuring selective ion-exchange 
reactions. Various ion-selective electrodes are avaii- 
able for the determination of chloride in milk,2 boiler 

water,3 gaseous mixtures,4 water and industrial 

wastes,>‘O but do not have high precision and accu- 
racy at very low chloride levels, and are susceptible 

to interference by various ions. 
We have been working on the sorption character- 

istics of some mixed oxide systems and have also 
investigated the electrochemical performance of 
membranes made with them. We have found that a 
mixed hydrous oxide of iron and zirconium (with iron 

as a major constituent) exhibits much greater capac- 
ity for anion uptake than either the pure iron or zir- 
conium oxide. Polystyrene-based membranes made 
with this product also possess better anion-selectivity 
than those made with the individual oxides. Earlier, 
we described the use of a zirconium oxide membrane 
for estimation of molybdate,” and here we report the 
use of the mixed oxide membrane as an ion-selective 
electrode for chloride. 

EXPERIMENTAL 

All reagents were of analytical grade. 

Preparation of mixed and doped oxides 

Iron(III) chloride (0.2M) and zirconyl chloride (0.2&f) 
solutions were mixed in 8: 1 volume ratio, then 1.0&j 
ammonia solution was added with constant stirring; the 
precipitate obtained was aged in the mother liquor for two 
days at room temperature, then filtered off, washed with 
water and dried at 80” for 24 hr. 

A doped oxide was prepared by adding 50 ml of a solution 
containing 0.075 g of tin(I1) chloride to 450 ml of the 8: 1 

mixed iron/zirconium solution, and precipitating efc. as just 
described. 

Preparation of the ion-selective membrane 

Unsupported membranes of the oxides could not be 
prepared, but membranes made with polystyrene as binder 
were found to be quite stable. They were obtained by 
thoroughly mixing 1.275 g of the oxide with 0.225 g of 
polystyrene and heating the mixture in a 2.5-cm diameter die 
at 120” under a pressure of 65OC-7ooO psi. By this method, 
membranes that were both mechanically and chemically 
stable were obtained and were checked under an electron 
microscope for deformities or cracks. Membranes thus 
obtained were equilibrated in O.lM sodium chloride for 2-3 
days, the solution being changed four or five times at 
intervals during this period. The minimum equilibration 
time was determined in a preliminary investigation, and it 
was observed that membranes equilibrated for shorter times 
did not give stable potentials. 

Potential measurements 

The electrode assembly used for potential measurements 
was the same as that reported earlier’* and the reference 
solution was O.lM sodium chloride. Ionic strength was 
adjusted by adding 5 ml of saturated potassium nitrate 
solution to 50 ml of test solution. All e.m.f. measurements 
were made at 25 f 0.1” with a Radiometer (model PHM64) 
millivoltmeter coupled with a Servoscribe recorder. 
Ceramic-junction calomel reference electrodes were used. 

RESULTS AND DISCUSSION 

The response of the electrode is relatively fast. The 
response time (static) was found to be 15 set for dilute 
solutions (10-3M) and a little more (20 set) for 
concentrated solutions (0.1 M), the potentials reach- 
ing a value constant within k 0.2 mV, with no devi- 
ation for 30 min, after which a slow drift in potential 
occurred. Ten replicates at two concentration levels 
gave a standard deviation of 0.4 mV in the higher 
concentration range (O.lM) and 0.5 mV in the lower 
concentration range ( 10m3M). 

The potentials obtained with mixed and doped 
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Table 1. Selectivity coefficient values for Fe-Zr and 
Sn(II)-doped Fe-Zr mixed hydrous oxide membrane elec- 
trodes at IO-‘M concentration of interfering ion, deter- 

mined by the fixed interference method 

Ion 

Br- 
I- 
NO; 
CIO; 
SCN- 
S,Oi- 
c,o:- 
so:- 
wo;- 
MOO:- 
PO:- 
AsO:- 
Fe(CN):- 
Fe(CN)z- 

Mixed oxide Doped oxide 
membrane membrane 

1.75 X 10-r 1.34 x 10-r 
1.64 x 1O-2 1.29 x 1O-2 
1.05 x 10-r 1.01 x 10-r 
1.07 X 10-J 1.02 x 10-r 
1.14 x 10-z 1.08 x lO-2 
1.29 x 1O-3 1.12 x 10-r 
6.44 x 1O-4 6.23 x 1O-4 

8.5 x lO-4 8.25 x lO-4 
1.13 x 10-J 1.02 x 10-r 
1.16 x 1O-3 1.08 x 10-r 
9.79 x 10-e 9.42 x lO-4 
4.36 x lO-4 4.12 x lO-4 
7.65 x 1O-4 7.43 x 10-d 
3.36 x lO-5 3.18 x 10-r 

oxide membranes in contact with chloride ions are 
shown in Fig. 1. In both cases the potential response 
is linear in the range 10-4-10-‘M chloride, with a 
non-Nernstian slope of 29.5 mV/decade. Coetzee and 
Basson have reported an even lower response for a 

caesium-electrode based on caesium phospho- 
molybdate.13 

The effect of pH was investigated at two chloride 
concentrations (Fig. 2). The useful pH range was 
found to be 4-7. Below pH 4 hydrogen ions interfere 
and above pH 7 hydroxide ions interfere. 

The membrane electrodes can also be applied to 
the determination of chloride concentration in an 
aqueous medium containing up to 25% v/v ethanol, 
methanol or acetone, the response being the same as 
in purely aqueous medium. The stability of response 
decreases at higher levels of the non-aqueous com- 
ponent and there is a drift in potential. 

The performance of the electrode in the presence of 
other ions has been assessed and the selectivity 
coefficients determined by the fixed interferenceI 
method (Table 1). The selectivity is fairly good. 

The effect of cations was also examined. The 

potential values for chloride were independent of the 
presence of various cations such as Na+, K+, Li+, 
Ca2+ Ba2+, Sti+, Mg2+, Zn2+, Al’+ at concentrations 

equi;alent to that of the chloride, but Ag+, H$+ and 
Pb2+ interfere at levels at which they will decrease the 

6 5 4 3 2 1 (a) 

I I I I I I 

6 5 4 3 2 l(b) 

-Log C( sodlum chloride 1 

Fig. 1. Potential OS. -log [Cl-] with the mixed oxide 
membrane (a), and doped oxide membrane (b). 

loo- 

lo- 

o """"" 
0 1 2 3 4 5 6 7 6 9 10 

PH 

Fig. 2. Variation of membrane potential with pH. 

chloride concentration by precipitation or complex 
formation. 

The electrode system is also tolerant of the pres- 
ence of low concentrations (10m4M) of cationic sur- 
factants (cetyltrimethylammonium bromide or ce- 
tylpyridinium chloride). Proteins (albumin, gelatin), 
if present in traces (10-5-10-6M) also do not cause 
any disturbance but higher levels (lo-‘M) of proteins 
poison the membrane surface. Anionic surfactants 
(sodium dodecyl sulphate) cause significant inter- 
ference, but if the membrane is preconditioned by 
soaking for 4 hr in a solution of the anionic surfac- 
tant, this effect disappears (Table 2). 

The membrane electrode can be used in the tem- 

perature range 20-40” without correction to the 
potential. The electrode can be used for 4 months 

Table 2. Potentials for sodium chloride and SDS (10m4~) mixtures 

Potential Potential when SDS is also 
from present, mV 

calibration 
y, plot, Original Membrane treated 

mV membrane with SDS 

10-2 32.9 39.8 33.0 
lo-’ 59.0 67.1 59.1 
IO-4 85.0 97.6 85.2 
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without showing any drift in potential, but the linear 
range and slope decrease slowly after continuous use 
for about 6 months. If contamination occurs, it can 
be removed by equilibrating the membrane with 
0.1 it4 sodium chloride for 2-3 days. If this treatment 
fails, it is advisable to discard the electrode and 
prepare a new one. 
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DUAL-WAVELENGTH SPECTROPHOTOMETRIC 
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WITH SILVER-CADION 2B-TRITON X- 100 
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Summary-Trace amounts of S2- can be determined by means of the exchange reaction with the 
Ag+-Cadion 2B complex in presence of Triton X-100 and Na,B,O, solution, by dual-wavelength 
spectrophotometry. Beer’s law is obeyed for the sulphide range O-2.0 pgg/25 ml. The apparent molar 
absorptivity is 2.65 x lo< l.mole-‘.cm- ‘. The effect of diverse ions in the presence of EDTA has been 
studied. The interferences produced by some anions in water samples can be eliminated by precipitation 
with zinc acetate. 

In the presence of Triton X-100 and sodium tetra- 
borate solution (pH 9.2), Ag+ forms a purplish red 
complex with Cadion 2B which has been used for 
determination of silver and cyanide in water.‘,’ In 
those experiments we noticed that sulphide can dis- 
charge the purplish red of the Ag+-Cadion 2B 
complex. This paper reports the exchange reaction of 
S2- with the Ag+-Cadion 2B complex and the opti- 
mum conditions for the determination of trace 
amounts of sulphide in water. By the dual- 
wavelength method the apparent molar absorptivity 
for sulphide is 2.65 x lo5 l.molee’.cm-‘. The 
method is more sensitive than the standard 
Methylene Blue method3 and the other indirect 
spectrophotometric methods for the determination of 
sulphide with Ag+-phen-BPR$’ Cu*+-DDTC6 
Cu*+-STTA,’ Cu2+-(2’-amino-3’-hydroxypyridyl-4’- 
azo)-benzene-4-sulphonic acid (AHD-4S),* Cu*+- 
oxine,9 Hg*+-chloranilic acid,‘O Hg*+-DPC,” 

Hg*+-AHD-4S, I2 Fe2+-bathophen.‘3 The accuracy 

and precision of this method are quite good. 

EXPERIMENTAL 

Reagents 

Standard silver solution, 1.000 mg/ml. Dissolve 0.1578 g of 
analytical-reagent grade silver nitrate in distilled water and 
dilute to 100 ml. 

Standard @hide solution, l.Omg/ml. Use Na,S. 9H,O of 
analytical-reagent grade, and standardize it.3 Before use 
dilute it with cooled boiled water to give a I JO-pg/ml 
working standard. 

Cadion 2B solution, 0.04x, in ethanol. 
Triton X-100 solution, 5%, in distilled water. 
Sodium tetraborate solution, Yk, in distilled water. 
Coloured complex solution. To a 200-ml standard flask 

containing 400 pg of Ag+, add 40 ml of the sodium 
tetraborate solution, 20 ml of the Triton X-100 solution and 
30 ml of the Cadion 2B solution, dilute to volume with 
distilled water and mix well. 

General procedure 

To a 25-ml standard flask add a known volume of sample 
containing less than 2.0 pg of sulphide and then 10.0 ml of 
the coloured complex solution, dilute to volume with dis- 
tilled water, and mix well. After 10 min, measure the 
absorbance at 446 nm for the sample and 556 nm for the 
reference (l-cm cells) with a dual-wavelength double-beam 
recording spectrophotometer (e.g., a Shimadzu model UV 
3000). 

Procedure for determination of the sulphide in domestic 
sewage 

Pipette an aliquot of water sample containing less than 
2.0 pg of sulphide into a beaker, dilute to 25 ml with water, 
then add I ml of 1% zinc acetate solution and 1.25 ml of 
O.lM sodium hydroxide and mix well. Allow the precip- 
itated ZnS and Zn(OH), to settle out. and then decant the 
supernatant liquid: Wash the precipitate with sufficient 
distilled water and separate again. Add 1.5 ml of 0.05M 
EDTA, and mix well. After 3 min, add 10.0 ml of the 
coloured complex solution and dilute to 25 ml with distilled 
water. Measure the absorbance according to the procedure 
above. 

RESULTS AND DISCUSSION 

The principle of the method and selection ofwavelength 

The absorption spectra of Cadion 2B, and of 
Ag+-Cadion 2B complex alone and in the presence of 
sulphide at pH 9.2 in borax buffer solution, are 
shown in Fig. 1. The absorbance of the Ag+-Cadion 
2B system at 556 nm is decreased by the presence of 
sulphide and that at 446 nm is increased. The sensi- 
tivity for sulphide will be increased by measuring the 
difference in absorbance at these wavelengths by 
dual-wavelength spectrophotometry. 

Experiments showed that the best linearity for the 

calibration graph was obtained by taking 446 nm as 

the “sample” wavelength and 556 nm as the “refer- 
ence” wavelength. The apparent molar absorptivity 
for sulphide is 2.65 x 10sl.mole~‘.cm~‘. 

1024 
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I I I I 
450 530 610 

Wovelength (nm) 

Fig. 1. Absorption spectra: 1, 1.6 x 10m5M Cadion 2B; 

2, 10.0 ml of the coloured soln. + 2.0 pg of S2-; 3, 10.0 ml 
of the coloured soln. + 1.0 pg of Sz-; 4, 10.0 ml of the 

coloured soln. (water as reference). 

0.6 

8 

6 D 0.6 

i 

g 04 

CS’-l/CAg+l 

Fig. 2. The molar ratio method: [Ag+] = 7.4 x 10m6M. 

Figure 2 shows the reacting molar ratio of sulphide 
to silver in this system is 1:2. 

The apparent molar absorptivity of the 
Ag+-Cadion 2B complex is 1.41 x lo5 1. mole-‘. cm-’ 
by the dual-wavelength method, approximately half 
that for the sulphide. 

The basis of the method is obviously the ligand 
exchange reaction 

2Ag+(Cadion 2B); + S2-+ Ag,S + 8 Cadion 2B 
purplish red y&3W 

Effect of the amount of Ag+-Cadion 2B coloured 
complex 

It does not matter whether the sulphide is added 
before or after formation of the silver-Cadion 2B 
complex. To simplify operations and reduce error, 
use of the coloured complex solution was selected. 
The effect of the amount of coloured complex solu- 
tion used is given in Fig. 3. Beer’s law is obeyed in 

*See Reference 1 for the molar ratio of silver to Cadion 2B. 

0 0.5 IO 1.5 20 25 

ES’-1 pg/25 ml 

Fig. 3. Effect of the amount of the coloured complex 
solution: 1, 7.0 ml; 2, 10.0 ml; 3, 13.0 ml. 

the sulphide range O-80 ng/ml for 10.0 ml of the 
coloured complex solution, and the only effect of 
adding more or less reagent is to shift the calibration 
graph along the absorbance axis. 

Eflect of other ions and elimination of interferences 

All the anions that react with Ag+ to form stable 
compounds would interfere and so would all metal 
ions that form coloured complexes with Cadion 2B or 
hydrolyse under the conditions used, so the effects 
produced by some ions generally present in water 
samples, on determination of 1 .O p g of sulphide in the 
presence of EDTA, were examined. The following 
ions [in the amounts (pg) given in parentheses] do not 
interfere: PO:-( lOOO), SOi-(lOOO), NO;(lOOO), 
Cu2+(100), Fe2+(50), Pb2+(25), Ni2+(25), Cd2+(25), 
A13+(25), Cr3+(25), a-(10), Br-(10). Cyanide and 
iodide cannot be tolerated at all. 

To separate sulphide from large amounts of Cl-, 
and from SO:-, S,O:-, I-, CN-, which may appear 
in some water samples, it is precipitated with zinc 
acetate. The recovery is between 95 and 104% (shown 
by adding standard sulphide solution to distilled 
water and tap water, see Table 1). 

Table 1. Recovery obtained by adding standard sulphide 
solution 

No. 

:. 1 
3 

4 > 
5 

System 

25 distilled ml of 
water 

25 ml of 
tap water 

Added, pg 

0.50 
::: 

2.00 
2.00 

Found, pg 

0.50 0.99 
1.91 

1.96 
2.08 

No. 

: 
3 

> 

Table 2. Analysis of water samples 

Concentration of S2-, mgjl. 

Present 
Source method 

Melzhy;;idBlue 

Domestic 0.009 0.018 Undetected 0.017 
sewage 0.084 0.088 

4 > 0.55 0.54 
5 Waste water 2.00 2.07 
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DETERMINATION OF QUINONES BY A 
CHEMILUMINESCENCE REACTION IN SOLUTION 
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Summary-Oxidation of p-benzoquinone by hydrogen peroxide in an alkaline medium gives chemi- 
luminescence emission with maximum intensity at 660 and 560 nm. 1,4-Naphthaquinone gives only a 
single maximum at 660 nm. These emissions can be used for the determination of pg amounts of the 
quinones. The interference effect of some organic compounds is described. 

Quinones present in waste waters from the paper 
industry’ and in airborne diesel-engine exhaust par- 
ticulate samples2 are considered to be potential war- 
fare agents, because of their high toxicity to 
mammals3.4 and insects.’ Accordingly, analytical 
methods for the detection of such compounds should 
be as sensitive as possible. The methods recommen- 
ded are based on polarographic measurements,6 
reaction with substrates and detection by thin-layer 
chromatography,’ determination by ion-selective 
electrode and a Gran plot,* and reaction with 
%hydroxyquinoline and calorimetric measurements.’ 
All these methods may be applied for the detection, 
identification or determination of quinones, but are 
not satisfactory in all respects. For example, the 
polarographic method is reproducible but time- 
consuming, and the thin-layer chromatographic 
method is sensitive but most quinones produce simi- 
lar colours. 

The chemiluminescence accompanying redox reac- 
tions of some quinones has been observed on reacting 
p-benzoquinone and adrenochrome with hydrogen 
peroxide in concentrated alkaline solutions.” Al- 
though some kinetic studies have been made of these 
systems, no analytical applications have yet been 
reported. A number of quinones were therefore tested 
for chemiluminescence emission with hydrogen per- 
oxide in alkaline medium to evaluate the analytical 
potentialities. Some mono and binuclear quinones, 
soluble in alkaline media, were tested for 
chemiluminescence emission in the wavelength 
range 400-700 nm. No emission was observed 
from tetrafluoro-1 ,Cbenzoquinone, tetrahydroxy- 
1 ,Cquinone and 1,2-naphthaquinone-4-sulphonic 
acid, but emission was given by p-benzoquinone and 
1,4_naphthaquinone. This paper describes the use of 
these observations for determining these two com- 
pounds. 

Apparatus 
EXPERIMEMTAL 

A standard Bausch & Lomb Spectronic 20 spec- 
trophotometer with a working range from 340 to 950 nm,” 

was converted for measuring chemiluminescence by the 
pulse technique. ” The signal was recorded on a Hewlett- 
Packard 680M chart recorder. The experimental technique 
used was that described previously.‘3 

Reagents 

All reagents were analytical grade, unless otherwise, 
stated. The water was twice distilled from an all-glass 
apparatus. 

Hydrogen peroxide (1.2-O. 1M). Prepared by appropriate 
dilution of lOO-volume hydrogen peroxide with water. 

Stock quinone solutions (10-2M). Prepared daily in 3mM 
phosphate buffer. Working solutions were prepared before 
use by appropriate dilution with buffer solution of the 
chosen pH. 

Procedure 

The quinone solution (1.2 ml) was injected into the 
hydrogen peroxide solution (1.2 ml). The emission intensity 
was recorded at 560 or 660 nm for p-benzoquinone and at 
660 nm for 1,4naphthaquinone, over a period of 65 sec. 
Each measurement was repeated 3-5 times. The same 
procedure was used for calibration or the determination of 
unknown samples. 

RESULTS 

Injections of a quinone solution into an alkaline 
hydrogen peroxide solution produces a chemi- 
luminescence emission after -35 sec. Typical emis- 
sion us. time curves for the two quinones studied are 
shown in Fig. 1. The spectral distribution of the 
chemiluminescence emission for p-benzoquinone and 
1,Cnaphthaquinone in the alkaline hydrogen per- 
oxide system is shown in Fig. 2. The spectra were 
obtained by measuring the emission intensity pro- 
duced at various wavelengths by a constant amount 
of quinone. The spectrum from the 
1,4-naphthaquinone system has not hitherto been 
reported; it reveals a strong emission band in the 
spectral range from 600 to 700 nm with a maximum 
at 660 nm, indicating the formation of a single 
emitter. The spectrum from the p-benzoquinone sys- 
tem showed two broad bands in the range 40&700 nm 
with maxima at 560 and 660 nm, indicating the 
formation of two emitters. This spectrum resembled 
that obtained previously by Slawinska.” Although 
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(I) 

I- 
0 40 0 40 0 40 ‘b 40’0 40 ‘b 40 0 400 40 0 40 

Time (set) 

Fig. 1. Intensity US. time profile obtained for (1) p-benzoquinone at 660 nm, (2) p-benzoquinone at 560 
nm, (3) 1,Cnaphthaquinone at 660 nm. a, b and c refer to quinone concentrations, in the final solution, 
of 4.5, 13.6 and 27.3 pg/ml. pH 12.0; 0.3M H,O,; 1.2 ml of sample and of hydrogen peroxide solution. 

the spectra give no evidence on the nature of the 
emitters, it is likely that the chemiluminescence ob- 
served from both quinones at 660 nm is due to 
emitters of similar structure. This emission may arise 
by addition of 0; to the quinone, followed by 
decomposition to an excited orthoquinone. The 
chemiluminescence at 560 nm from p-benzoquinone 
could be attributed to the formation of a different 
excited complex between a p-benzoquinone free rad- 
ical and a sensitized quinone molecule.‘“‘6 

The effect of hydrogen peroxide concentration on 
the maximum intensities is shown in Fig. 3. The 
chemiluminescence intensity at 660 nm increases with 
hydrogen peroxide concentration up to 0.3M for 
both quinones. The chemiluminescence intensity at 
560 nm (from p-benzoquinone) shows similar behav- 
iour up to a final hydrogen peroxide concentration of 
0.4M. In all cases excess of hydrogen peroxide (up to 
0.6M) produces no further increase in chemi- 
luminescence intensity. 

The effect of pH (8.0-13.0) on the chemi- 
luminescence intensity is shown in Fig. 4, and was 
the same irrespective of the quinone and wavelength 
of maximum emission. The greatest intensity was 
observed at pH 12.0, which was therefore used in 
subsequent studies. 

Wavelength (nm) 

Fig. 2. Chemiluminescence spectra of (0) p-benzoquinone 
and (0) 1,Cnaphthaquinone. Quinone concentration 27.3 

pg/ml. Other conditions as in Fig. 1. 

Calibration graphs for both quinones were linear 
and had the equations: I, = 1.008 + 0.498X,, 
r, = 0.9995; 12 = 1.087 + 0.419X*, rL = 0.9999; 
I, = -0.163 + 0442X,, r3 = 0.9991, where I,, Z, and 
Z, are the intensities (in arbitrary units) for p- 
benzoquinone at 660 nm, p-benzoquinone at 560 nm, 
and 1,4_naphthaquinone at 660 nm, respectively, X, 
and X, are the p-benzoquinone concentrations in the 

G oL:I ’ ’ ’ ’ ’ ’ a” 01 02 0.3 04 05 06 07 

Hydrogen peroxlde (Ml 

Fig. 3. Effect of hydrogen peroxide concentration on the 
chemiluminescence emission intensities. (0) 1 ,CNaphtha- 
quinone at 660 nm, (0) p-benzoquinone at 660 nm, (0) 
p-benzoquinone at 560 nm. Quinone concentration 27.3 

pg/ml. Other conditions as in Fig. 1. 
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Fig. 4. Effect of pH on the chemiluminescence intensity. 
(0) 1,CNaphthaquinone at 660 nm, (0) p-benzoquinone 
at 660 nm, (e)p-benzoquinone at 560 nm. Other conditions 

as in Fig. 3. 
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Table 1. Effect of hydrogen peroxide concentration on interference by organic compounds* 

Chemiluminescence intensity (arbitrary units)? 

H,O, 0.3M H,O, 0.4M H,O, OSM H,O, 0.6M H,O, 0.7M 

Interferent I III I II III I II III I II III I II II& 

No interferent 145 135 146 125 135 145 128 137 148 123 135 144 126 138 
8-Hydroxyquinoline 72 69 89 65 90 112 95 122 146 122 134 145 122 134 
1 ,ZChloranilic acid 136 129 142 119 130 147 123 135 148 124 137 146 126 136 
Hydroquinone 87 81 101 100 112 120 115 126 147 122 134 146 125 137 
Tetrahydroxy- 1,4-quinone 124 108 130 98 122 135 117 130 146 122 135 146 123 134 
Tetrafluoro-1,Cbenzoquinone 132 122 137 118 127 140 120 131 148 121 133 143 123 135 
Formaldehyde 188 162 170 168 150 165 147 146 158 132 142 156 131 140 
Galhc acid 170 156 165 135 154 163 130 148 152 127 141 150 129 140 
2,6-Dimethylbenzoquinone 158 148 156 136 146 156 134 144 153 132 143 150 130 143 

*Quinone concentration 27.2 pg/ml, interferent concentration 54.4 pg/ml. 
tConcentration in final solution. 
$1, II, III indicate values for p-benzoquinone at 660 and 560 nm, and for 1,4-naphthaquinone at 660 nm, respectively. pH 

12.0, sample and hydrogen peroxide solution volumes 1.2 ml each. 

ranges 1.8-36.4 and 2.3-29.5 pg/ml, respectively, and 
X, is the naphthaquinone concentration (3.2-27.3 
pg/ml), and r,, r, and r, are the correlation 
coefficients (10 results). The detection limits were 1 .O, 
1.5 and 3 pg/ml for p-benzoquinone at 660 and 560 
nm, and 1 ,Cnaphthaquinone at 660 nm, respectively. 
The coefficients of variation for 6 measurements at 
the 9.1 pgg/ml level were 3.0, 3.1 and 3.4% for 
p-benzoquinone (at 660 and 560 nm), and 
1 ,Cnaphthaquinone at 660 nm, respectively. 

Interferences 

The effects of some organic compounds on the 
chemiluminescence intensity from both quinones 
were investigated. An interference is defined as 
significant if it causes a change of more than two 
standard deviations in the chemiluminescence emis- 
sion intensity. The results are shown in Table 1. 
Several organic compounds depress the emission 
from both quinones (e.g., 8-hydroxyquinoline, 
1,2-chloranilic acid, hydroquinone, tetrahydroxy- 1,4- 
quinone and tetrafluoro-1 ,Cbenzoquinone), whereas 
others increase the chemiluminescence emission (e.g., 
formaldehyde, gallic acid and 2,6-dimethyl- 
benzoquinone). These effects can be reduced or elim- 
inated by increasing the hydrogen peroxide concen- 
tration to 0.6M. The depressive effects are reduced 
probably because at high concentrations of hydrogen 
peroxide there are sufficient 0; radicals present for 
the two quinones to be oxidized despite quenching by 
the inhibitors.” The strong stimulating effect of for- 
maldehyde and gallic acid is less sensitive to hydrogen 
peroxide concentration, possibly due to the inter- 
vention of other processes of sensitized chem- 
iluminescence.‘” 

Conclusion 

The chemiluminescence measurements have dem- 
onstrated the possibility of the determination of 
p -benzoquinone and 1 ,Cnaphthaquinone at p g/ml 
level. The method is simple and rapid (1 
measurement/min) and the detection limits are simi- 

lar to those for many other techniques.6,7,9 The equip- 
ment used is simple and may be adapted to 
flow-injection analysis.2’-23 
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Summary-The number of capriquat molecules per chromium(VI) atom in the chromate-capriquat 
ion-association complex has been found to be between one and two. The distribution ratio in the 
extraction of chromium(V1) with capriquat is dependent on the dielectric constant of the organic solvent, 
with a minimum at a dielectric constant of about 8. The absorption spectra of the ion-pair extracted into 
cyclohexane, carbon tetrachloride, benzene and n-butanol are very similar to that of chromate in aqueous 
solution. The absorption spectra of the chromium(VI)-capriquat extracts in these organic solvents 
gradually change to an absorption spectrum similar to that of HCrO; in aqueous solution. Chro- 
mium(VIHapriquat extracted into chloroform and 1,2-dichloroethane gives absorption spectra similar 
to that of HCrO; in aqueous medium. The chromium(VI+capriquat species extracted into 
1,Zdichloroethane may be (Q+)2.CrO:-(H,0),. In contrast, chromium(VI) is extracted with capriquat 
into the other organic solvents from ammoniacal medium as a mixture of (Q+)zCrO:-(H,O), and 
Q+.NH:CrO:-(H,O),. The spectral change is ascribed to the change of the extracted species from 
(Q+)rCrO:-(HrO),, and Q+.NH:CrO:-(H,O), to Q+.HCrO:-(H*O),_,. The chromium(VIk 
zephiramine species extracted is formulated as (Q+, NH:),CrO:-(H,O);(Q+.CI-),. Molybdenum(VI) is 
extracted with capriquat into the same organic solvents as a mixture of (Q+),.MoO:-(H,O), and 
Q+.NH$.MoO:-(H,O),. 

Several studies have been made of the solvent extrac- 
tion of ion-association complexes of chromium(VI)‘-3 
and molybdenum(V1)“’ with organic cations, to ob- 
tain detailed information about the complexes and 
the extraction mechanism, because chromium(V1) 
and molybdenum(V1) exist as various species in 
aqueous solution. The study of the extraction of 
chromium(V1) from weakly acid solution with 
organic cations (Q’) such as triphenyltetrazolium,3 
tetraphenylarsonium3 and n-propyltriphenylphos- 
phonium3 suggested that chromium(V1) was extrac- 
ted as an ion-pair (Q+ .HCrO;). Winkhaus and 
Uhring’ found that chromium(V1) was extracted in 
the pH range l-3 with the di-lr-cyclopenta- 
dienyltitanium cation (Qz+) as Q2+CrO:-. In this pH 
range the main species of chromium(V1) is probably 
HCrO;. They proposed that extraction of the 1: 1 
ion-pair is more favourable. 

There have been few detailed investigations of the 
mechanism of solvent extraction of chromium(V1) 
with long-chain quaternary ammonium ions. The 
solvent extraction of low concentrations of chro- 
mium(V1) from alkaline solution with capriquat and 
zephiramine is described here. 

Most of the work on the extraction of molyb- 
denum(VI) with amines and quaternary ammonium 

salts has been done in acid media, and the influence 
of acidity and diluents on the extraction in- 
vestigated.6,7 

The extraction of molybdenum(V1) from alkaline 
solution with capriquat and zephiramine has there- 
fore also been investigated, to compare it with that of 
chromium(V1) . 

EXPERIMENTAL 

Apparatus 

A Hitachi 170-30 type atomic-absorption spectra- 
photometer was used for determination of chromium(V1) 
and molybdenum(V1). A Hitachi EPS-3 type spec- 
trophotometer was used to measure the absorption spectra. 
A Hitachi Horiba F-7 type pH-meter was used for pH 
measurements. 

Reagents 

Standard O.lM chromium(VI) solution was prepared 
from potassium chromate and redistilled water. Standard 
O.lM molybdenum(VI) solution was made by dissolving 
sodium molybdate in sodium hydroxide solution (pH 9). 
Working solutions were prepared by diluting these stock 
solutions with redistilled water, and buffered with 
ammonia/ammonium chloride solution. 

Capriquat (Kant0 Co. Ltd.) and zephiramine (Dojin Co. 
Ltd. GR grade) were used without further purification. 
Organic solvents were distilled before use. All other reagents 
were of analytical grade. 
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Procedure 
A lo-ml portion of 1.50 x lO-‘M chromium(V1) and 

10 ml of a given concentration of quaternary ammonium 
chloride in the selected organic solvent were pipetted into a 
50-ml separatory funnel. A shaking time of 10 min gave a 
constant degree of extraction. After separation of the 
phases, chromium(VI) in the aqueous phase was deter- 
mined. The pH of the aqueous phase was measured after the 
extraction, and found to change negligibly during the 
extraction. The number of quatemary ammonium ions per 
chromium(V1) atom in the ion-pair was determined from 
the slope of the straight line obtained by plotting log D vs. 

log [Q+C-1, where D and [Q’X-] are the distribution 
ratio and the concentration of free quaternary ammonium 
chloride. A large excess of quaternary ammonium chloride 
was used, so that the amount extracted could be neglected 
and [Q+.ClF] taken as the concentration added. 

RESULTS AND DISCUSSION 

Extraction of chromium( VI) with capriquat 

The plots of log D vs. log [Q+.Cl-] for extraction 
of chromium(V1) with capriquat into the organic 
solvents were linear up to 90% extraction. Table 1 
gives the number (n) of capriquat ions per chro- 
mium(V1) atom in the ion-pairs extracted into cy- 
clohexane, carbon tetrachloride, benzene, chloro- 
form, n-butanol, 1,2-dichloroethane and methyl 
isobutyl ketone (MIBK); n varied between 1.3 and 
2.0. 

The equilibria for the proton-dissociation and 
dimerization of chromium(V1) in aqueous solution 
are well characterized and are as follows:* 

H*CrO, G H+ + HCrO; (K, = 1.2) 

HCrO; e H+ + CrOj- (K, = 3.2 x lo-‘) 

HCr,O; Z$ H+ + Cr,O$- (& = 0.85) 

2HCrO; G Cr,O:- + H,O (K4 = 98) 

At a chromium(V1) concentration of 10m4M, 
CrO:- is the main species in alkaline solution. The 
fact that the number of capriquat ions per chro- 
mium(V1) atom is between 1.3 and 2.0 in these 
extractions suggests that chromium(V1) may be ex- 
tracted as a mixture of (Q+)2.CrO:- and other ion- 
pair species. 

Absorption spectra of extracted chromium( VI)- 
capriquat species 

Figures 1 and 2 show the absorption spectra of the 
chromium(VIj--capriquat species extracted into 

cyclohexane and carbon tetrachloride, and Fig. 3 
the spectra of CrO$- and HCrO, in aqueous solution. 
The spectrum of the extracted chromium(VI)- 
capriquat species, measured immediately after sepa- 
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Fig. 1. Absorption spectra of the chromium(VI)-capriquat 
species extracted into cyclohexane. [Cr(VI)]: 1.00 x 10e4M; 
[capriquat]:O.lM; pH 9.2; 94% extraction; 17 hr standing 
after extraction; spectra (A) and (B) were measured 3 min 

and 100 hr, respectively, after separation. 

ration, is very similar to that of CrO:- in aqueous 
solution. When benzene and n-butanol were 
used, similar absorption spectra were obtained. 
On the other hand, the absorption spectra of 
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Fig. 2. Absorption spectra of the chromium(VIbapriquat 
species extracted into carbon tetrachloride. Conditions as 
for Fig. 1; 90% extraction; 4 hr standing after extraction; 
spectra (A), (B) and (C) were measured 3 min, 11 hr and 

62 hr, respectively, after separation. 

Table 1. Number (n) of capriquat ions bonded per chromium(W) atom, as a function of the 
dielectric constant (E) of the organic solvent (extraction at pH 9.2) 

Solvent ccl, C,H, GH,, CHCI, 1,2-C,H,CI, MIBK n-C,H,OH 

n 1.5 1.5 1.3 1.5 2.0 2.0 1.6 
E 2.2 2.3 2.3 4.9 10.4 13.1 16.4 
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Fig. 3. Absorption spectra of 1.00 x 10S4M chromium(W) 
in aqueous solution: (A) pH 9.5, (B) pH 3.0. 

chromium(VI)-capriquat species extracted into 
1,2-dichloroethane (Fig. 4) and chloroform are very 
similar to that of HCrO; in aqueous solution. The 
absorption spectra of the chromium(VI)-capriquat 

species extracted into benzene, cyclohexane, carbon 
tetrachloride and n-butanol gradually changed into 
an absorption spectrum similar to that of HCrO; 
in aqueous solution. The rate of the spectral 
change increases in the order cyclohexane < 
benzene <carbon tetrachloride < n-butanol < MIBK. 
The molar absorptivity and wavelength of maximum 
absorption for the cyclohexane extract are in good 
agreement with those of CrO:- in aqueous solution, 
suggesting that the chromium(V1) species in the 
ion-pair is CrO:-. The number of capriquat ions 
extracted per chromium(V1) atom with cyclohexane 
was 1.3. As an ammonia buffer was used to adjust the 
pH, ammonium ions may also participitate in the 
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Fig. 4. Absorption spectra of the chrominm(VI~apriquat 
species extracted into 1,Zdichloroethane. [Cr(VI)]: 
1 .OO x 10-4M; [capriquat]: 0.05M; pH 9.2; 84% extraction; 
3 min standing time after shaking; (A) and (B) measured 

3 min and 15 hr, respectively, after separation. 
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Fig. 5. Absorption spectra of the chro- 
mium(VI)-zephiramine species extracted into chloroform. 
[Cr(VI)]: 1 .OCl x 10e4M; [zephiramine]: O.OSM; 79% extrac- 
tion; pH 9.2; 2 hr standing after separation; (A), (B), (C) and 
(D) measured 2 min, 1 hr, 6 hr and 13 hr, respectively, after 

separation. 

extraction, and the chromium(V1) be extracted as a 
mixture of (Q+)r.CrO:- and Q+.NH:.CrO:-. The 
same could apply to the benzene, carbon tet- 
rachloride and n-butanol systems, although the molar 

absorptivities for these extracts are slightly smaller 
than that of CrO:- in aqueous medium. The corre- 
sponding data for the 1,2-dichloroethane system 
(n = 2.0, absorption spectrum, immediately after sep- 
aration, similar to that of HCrO; in aqueous solu- 
tion) suggest that (Q+)2.CrO:- is extracted but rap- 
idly changes into Q+.HCrO;, the proton possibly 
coming from a water molecule attached to the chro- 
mium(V1) in the ion-pair. 

Extraction of chromium( VI) with zephiramine 

The plots of log D vs. log [zephiramine] were linear 
with a slope of 2.7. The absorption spectrum of the 
species extracted into chloroform is shown in Fig. 5. 
The spectrum measured immediately after the separ- 

ation is very similar to that of CrO- in aqueous 
medium and changes much more slowly than that of 
the chromium(VI)-capriquat species in chloroform. 
The chromium(V1) may be extracted with 
zephiramine as (Q+,NH$)rCrO:-(H,O);(Q+.Cl-), 
where (Q+, NH:) indicates vicarious substitution of 
NH: for Q+. The spectral change may be ascribed to 
the formation of Q+.HCrO;(H,O),_,. 

Chromium(V1) has been found2 to be extracted at 
pH l-3 with the di-lr-cyclopentadienyltitanium cat- 
ion (Q2+) into chloroform as Q2+.CrO:-, though the 
dominant species of chromium(V1) in aqueous solu- 
tion at pH l-3 is HCrO;. 

In the present work, it was found spec- 
trophotometrically that the chromium(VI)-capriquat 
species extracted into organic solvents as 
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Table 2. Number (n) of capriquat ions bonded to one molvbdenum(V1) atom 

Solvent CC& C,H, GHu CHCI, l,ZC,H,CI, n-C,H,OH 

n 1.3 1.4 1.1 1.0 1.5 1.8 
E 2.2 2.3 2.3 4.9 10.4 16.4 

Q+.NH$.CrO-(H,O)” and/or (Q+)2CrOj-(H20)n 
changes to Q+.HCrO;(H,O),_,. It therefore seems 
likely that there are thermodynamic factors that 
favour extraction of 1: 1 charge-matched species 
rather than 2: 1 species formed from components with 
different charges. 

Extraction of molybdenum( VI) with capriquat and 
zephiramine 

The number of capriquat ions per molyb- 
denum(V1) in the molybdenum(VI)-capriquat species 
extracted was determined by the procedure used for 
chromium(V1). As shown in Table 2, n for the 
capriquat system was between 1 .O and 1.8. For the 
zephiramine system it was 2.7. The extraction of 
molybdenum(V1) from alkaline solution with ca- 
priquat and zephiramine seems essentially the same 
as the extraction of chromium(V1) with capriquat 
and zephiramine. At pH 9.2, molybdenum(V1) exists 
as MOO:- because the proton-dissociation constant 
(pK,) of HMoO; is 4.1, and polymerized species can 
be neglected for 10m4M Mo(V1) in alkaline medium. 
The ion-association species of (Q+),.MoO:-(H,O), 
and Q’ .NH: .MoO:-(H,O), are proposed for the 
capriquat system and (Q+, NH:),MoO:-(H,O); 
(Q’.Cl-), for the zephiramine system. 

The absorption spectra of the molybdenum 
(VI)capriquat and molybdenum(VI)-zephiramine 
species extracted were not obtained, because of their 
very small molar absorptivities. 

Effect of organic solvent on the distribution ratio 

Figure 6 shows the relationship between log D and 
the dielectric constant of the organic solvents for the 

IO 

9 o 
0 

Fig. 6. Relationship between log D and the dielectric 
constant (E) of the organic solvent. 0: 5.00 x 10m5M; 
Cr(V1); PH 9.2; O.OlM capriquat. 6: 1.00 x 10e4M; 
Mo(VI); pH 10.5; O.OlM capriquat. Organic solvent: 1, 
cyclohexane; 2, carbon tetrachloride; 3, benzene; 4, toluene; 
5, chloroform; 6, tributyl phosphate; 7, 1,Zdichloroethane; 

8, MIBK; 9, n-butanol; 10, nitrobenzene. 

extraction of chromium(V1) and molybdenum(V1) 
with capriquat. The value of log D exhibits a min- 
imum at a dielectric constant of about 8. Though the 
dielectric constants of n-butanol and nitrobenzene 
are 16.1 and 34.8 respectively, the distribution ratios 
are not very different. Similar solvent effects were 
obtained for the molybdenum(VI+apriquat system. 

The degree of extraction of chromium(V1) with 
triphenyltetrazolium at pH 4.0-4.2 decreases accord- 
ing to the solvent used, in the order3 
nitrobenzene > chloroform > benzene > carbon tetra- 
chloride > cyclohexane. It is noteworthy that the 
long-chain quaternary ammonium ion seems to have 
a different effect from that of triphenyltetrazolium 
ion on the extraction of chromium(V1). 

The influence of organic solvents on the extraction 
of molybdenum(V1) with tri-iso-octylamine from hy- 
drochloric acid has been reported.6 The degree of 
extraction of molybdenum(V1) from l.OM hydro- 
chloric acid decreases according to the solvent 
used, in the order 1,2-dichloroethane > 1 ,f-dichloro- 
benzene > carbon tetrachloride. In contrast, the dis- 
tribution ratio for the extraction of molybdenum(V1) 
with capriquat into carbon tetrachloride is larger 
than that for use of 1,2-dichloroethane (Fig. 6). The 
molybdenum(V1) species extracted with tri-iso- 
octylamine was reported6 to be MoO,Cl:~ or 
MoO,Cl,. We cannot discuss these results in detail, 
because of the limited number of studies of the 
solvent effect on these extraction systems. 

As mentioned above, the number of zephiramine 
ions bonded per molybdenum(V1) is greater than that 
needed to give electroneutrality with MOO:-. A 
similar result was obtained for the extraction of 
molybdenum(V1) with capriquat into kerosene at 
pH 2.2-2.5,’ and it was proposed that for 
[Mo(VI)] > [Q+ .Cll] the reaction was 

3Q+.Cl- tMo60:,,~(Q+),Mo60:,~Q+C- +Cl-,, 

The same process was proposed for the extraction 
into chloroform. 

Sato et aL9 investigated the extraction of molyb- 
denum(V1) with capriquat from sodium hydroxide 
solution into benzene and suggested the extracted 
species had the composition Q+:Mo(VI):HzO = 
2: 1: 14. It is interesting that it was proposed that 
molybdenum(VI)-capriquat is solvated with water. 
The molybdenum(VI+apriquat species extracted 
into carbon tetrachloride, n-butanol, 1,2-dichloro- 
ethane, chloroform and benzene from an alkaline 
ammonia buffer may also be solvated with water. 

We have therefore examined the extraction of 
chromium(IV) and molybdenum(V1) with capriquat 
from sodium hydroxide medium. Extraction of 
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chromium(V1) into chloroform or 1,Zdichloroethane 
gave a solution with an absorption spectrum similar 
to that for CrO:- in aqueous medium, in contrast to 
the spectra of extracts from ammoniacal medium. 
The number of capriquat ions bound per chro- 
mium(V1) or molybdenum(W) in the extracts from 
sodium hydroxide medium (pH 11.7; O.OlM NaOH) 
is shown in Table 3. The result for molybdenum(W) 
differs from that found by Sato et uI.,~ but this may 
be due to differences in experimental conditions. 
However, it appears that sodium ions may be in- 
volved in this extraction of chromium(V1) and 
molybdenum(V1). 

Table 3. Number (n) of capriquat ions bonded per Cr(VI) 
or Mo(VI) atom 

Solvent Ccl, C,H, CHCI, 1 ,2-C2H,Cl, 

n for Cr(VI) 2.0 2.0 0.9 1.5 
n for Mo(VI) 1.0 1.2 1.4 1.1 
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THE SOLUBILITY OF ALKALI-METAL FLUORIDES 
IN NON-AQUEOUS SOLVENTS WITH AND 

WITHOUT CROWN ETHERS, AS DETERMINED 
BY FLAME EMISSION SPECTROMETRY 

DAVID A. WYNN*, MARIE M. ROTH and BRUCE D. POLLARD? 

Chemistry Department, Marquette University, Milwaukee, WI 53233, U.S.A. 

(Received 17 April 1984. Accepted IS May 1984) 

Summary-The solubilities of LiF, NaF, KF, RbF and CsF in acetonitrile, acetone, tetrahydrofuran, 
dimethylformamide, benzene and cyclohexane have been determined with and without a crown ether 
(usually O.lM 18-crown-6) present. Flame emission spectrometry was the determination method. Three 
procedures, selected according to the miscibility of the solvent with water, and the solubility of the 
fluoride, are described. Samples, standards and blanks were matrix-matched. The precision varied between 
1 and 10% RSD. Although extensive drying procedures were applied, moisture present in the solvents and 
salts had some effect on the results. 

The solubility of inorganic salts in non-aqueous not only a direct function of the nebulization 
media, though usually very low, is of concern in flow-rate, which depends on the physical properties, 
corrosion and wear studies,‘,* in environmental and e.g., viscosity, of the solution, but is also governed by 
toxicological problems and in studies of organic the degree of atomization and ionization produced at 
reactions in which the rate or outcome of the reaction the flame temperature (which is modified by the 
is affected by traces of salts. Reliable solubility data, combustibility of the organic solvent in the matrix). 
obtained by methods carefully designed to give good Standards should bracket the concentration of the 
reproducibility and accuracy, are essential for inter- sample so that a linear signal/concentration re- 
pretation of these studies. lationship is ensured. 

Fluoride ions are useful in organic synthesis for 
cleavage of carbon-silicon bonds,3*4 in displacement 
and elimination reaction>’ and as catalysts, ’ but the 
low solubility of metal fluorides in organic solvents’ 
is a problem. The addition of crown ethers which 
form complexes with alkali-metal cations can en- 
hance the solubility of alkali-metal fluorides in or- 
ganic solvents.‘,“’ The resultant increased availability 
of fluoride ion may affect its reactivity as a par- 
ticipating reagent or as a catalyst.““* Solubility data 
for alkali-metal fluorides in organic solvents in the 
presence of crown ethers must be considered when 
interpreting and optimizing the effect of fluoride ion 
on the reactions. 

If a suitable matrix can be found, aqueous standards 
are the most convenient to use. An aqueous/organic 
solvent mixture must be a true solution to be suitable 
for nebulization and combustion in the burner. A 
water-miscible solvent presents no problem; if the 
solvent is not miscible with water, addition of a 
common solvent to produce a single-phase system is 
sometimes possible. Non-aqueous solutions can be 
analysed directly but present problems with flame 
techniques, and require organometallic standards 
which are not always available or may be difficult to 
handle. 

In the present study, flame spectrometry was ap- 
plied to the determination of solubilities of alkali- 
metal fluorides in non-aqueous media in the absence 
and presence of crown ethers. Flame spectrometry is 
a convenient, rapid and accurate method for these 
determinations if several conditions are met. The 
solubility must be sufficient to provide signals in the 
high-precision part of the linear calibration. The 
matrix for the standards and blanks must match the 
sample matrix exactly, because the analyte signal is 

The solubilities reported here for alkali-metal 
fluorides in particular organic solvents have been 
obtained by procedures based on flame spectrometric 
determination. The procedures can be extended to 
other salts and solvents and adapted for use whenever 
trace metals in solvents must be determined. 

EXPERIMENTAL 

Equipmznnt 

*Present address: American Cyanamid Co., Chemical Re- 
search Center, Stamford, CT 06904. 

tAuthor to whom correspondence should be addressed. 

Alkali-metal concentrations were determined with an IL 
251 flame atomic spectrophotometer (Instrumentation Lab- 
oratory, Andover, MA) in the atomic-emission mode. 
Wavelengths (nm) used were: Li, 670.8; Na, 589.0; K, 766.5; 
Rb, 780.0; Cs, 852.1. A special red-sensitive photomultiplier 
(R446, Hamamatsu, Middlesex, NJ) was installed because 
several of the wavelengths were outside the range of the 
original photomultiplier of the equipment. The standard 
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slot-burner was operated off-axis and carefully cleaned after 
each series of determinations. The acetylene/air game was 
slightly fuel-rich and had a typical fuel/oxidant flow ratio of 
5.5/19. For each element/solvent system the instrumental 
parameters, including slit-width, flame position, nebu- 
lization rate and integration time, were optimized on the 
basis of signal-to-noise ratios. 

Samples and reagents 

The salts [lithium fluoride (Aldrich Chem., Milwaukee, 
WI, 99.999% pure), sodium fluoride (Fisher Scientific, 
certified A.C.S.), potassium fluoride (Allied Chem., reagent 
grade), rubidium- fluoride (Cerac, Milwaukee, WI, 99.9% 
nure). and caesium fluoride (Alfa. Danvers. MA, 99.9X 
purejj were dried for two days at i20” under vacuum and 
stored over phosphorus pentoxide in a desiccator. 

A solution of 25 g of 1,4,7,10,13,16-hexaoxacyclo- 
octadecane (1%crown-6)r3 (Aldrich Chem., Milwaukee, WI) 
in 200 ml of dichloromethane was dried overnight with 2 g 
of anhydrous magnesium sulphate in a nitrogen atmosphere 
and pressure-filtered under nitrogen. After distillation of the 
dichloromethane, the residue was dried at 76mmHg pres- 
sure. 1,4,7,10-Tetraoxacyclododecane (12-crown-4) and 
I ,4,7,10,13pentaoxacyclopentadecane (15-crown-5) (Al- 
drich Chem., Milwaukee, WI) were used without further 
purification. 

Acetonitrile (reagent grade dried with calcium hydride and 
filtered, or Aldrich gold label 99 + % pure) was fractionally 
distilled from phosphorus pentoxide in a nitrogen atmos- 
phere, stored over 3A molecular sieve and freshly distilled 
before use. Benzene was fractionally distilled under nitrogen 
from sodium/benzophenone ketyl and stored over 3A mo- 
lecular sieves. Tetrahydrofuran (THF) was fractionally dis- 
tilled under nitrogen from sodium-potassium/benzophenon 
ketyl and used immediately. Dimethylformamide (DMF) 
was shaken with potassium hydroxide, fractionally distilled 
from barium oxide under reduced pressure and stored over 
3A molecular sieve. Cyclohexane (<0.002% water) and 
acetone (< 0.2% water) were of spectrophotometric grade 
(MCB Mfg. Chemists Omnisolv Reagents). 

All water used was ultrapure, prepared from distilled 
water and demineralized by passage through a 
SYBRON/Bamstead Nanopure water system (Model 
02782). Stock solutions of standards (1000 ppm) were 
prepared from the dry solid alkali-metal fluorides; the 
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lithium fluoride solution was also 0.3M in hydrochloric acid. 
Aqueous standards in the proper concentration ranges were 
prepared by dilution. 

General procedure 

Saturated solutions of the metal fluorides were prepared 
by stirring an excess of the salt (usually less than 0.2 g) with 
15 ml of solvent for 30 min in a closed system at a constant 
measured temperature ( + 0.2”). It was important that the 
salt was as dry as possible; otherwise, the care in solvent 
preparation was negated. The suspension was decanted and 
centrifuged* at 5000 rpm (International Equipment Co., 
Clinical Centrifuge, Model CL) for IO-15 min. Varying 
periods of refluxing, stirring and ultrasound treatment were 
evaluated as methods for ensuring saturation and found to 
give identical results. For water-miscible solvents (aceto- 
nitrile, acetone, THF and DMF), l-ml aliquots of centrifu- 
gate were transferred to 50-ml beakers and diluted with 
5 ml of water to give a sample with a 16.7% solvent/83.3% 
water matrix. One-ml amounts of pure solvent diluted with 
5 ml of aqueous standard or water provided matrix-matched 
standards and blanks, respectively. Use of PMP (poly- 
methylpentene) beakers was preferred, to avoid exchange of 
metallic ions with a glass surface, and improved the re- 
producibility of the results. Kimax-glass beakers were used 
for cyclohexane solutions, however, since cyclohexane 
causes immediate decomposition of the PMP beakers. 

For solubility systems which, by the procedure above, 
gave samples with concentrations below the limit of de- 
tection, a known volume (6 ml) of the saturated solution was 
preconcentrated by evaporation and the residue was dis- 
solved in 1 ml of water to provide a sample for direct 
comparison with aqueous standards. Blanks for this pro- 
cedure were prepared from a similar volume of pure solvent, 
evaporated in a similar vessel. 

When the solvent was immiscible with water (benzene, 
cyclohexane), a modification employing a common solvent 
in the matrix was employed. For benzene, dilution of the 
1 ml of centrifuge to 20 ml with 95% ethanol gave a sample 
in a 5% benzene/90’? ethanol/5’/ water matrix. For 
cyclohexane, dilution of the l-ml aliquot of centrifuge with 
5 ml of 95% ethanol produced a sample in a 16.7% 
cyclohexane/79.2’% ethanol/4.2% water matrix. Blanks and 
standards were matched to these matrices. 

*The very fine suspensions settled with difficulty. Repetition 
of decantation and centrifugation resulted in more 
complete removal of suspended solid metal fluoride, and 
the later centrifugates did not show higher alkali-metal 
concentrations. 

In studies on the effect of crown ethers on saturation 
solubility, similar procedures were followed, with the crown 
ether added at a known concentration to the solvent used 
for the preparation of the saturated solution and the 
corresponding blanks and standards. It was important to 
match the matrix exactly, because the crown ether caused 
noticeable broad-band enhancement of the blank signal, 
which was attributed to a change in flame conditions. 

Table 1. Solubility of alkali-metal fluorides in organic solvents in the absence and presence of crown ethers 

Salt Solvent 

LiF CH,CN 

acetone 

THF 

DMF 

benzene 

cyclohexane 

Crown ether/M 

18-crown-6/O. 10 

12-crown-4/0.10 
18-crown-6/O. 12 

1 &crown-6/O. 10 

18-crown-6/O. 10 
- 

12-crown-4/O. 10 
18-crown-6/O. 10 

- 
18-crown-6/O. 10 

Solubility, mM 

0.09 f 0.01 
0.10 f 0.01 

O.lOfO.O1 
0.12 + 0.01 
0.10 f 0.01 

0.09 * 0.01 
0.10+0.01 

0.10 + 0.01 
0.10 + 0.01 

0.011 * 0.002t 
0.023 f O.OOlt 
0.027 f O.OOlt 

< o.o002*t 
< 0.0002*t 

Temperature Literature values, 
“C mM 

24 
24 

24 0.00010/18”, 0.00012/37”‘4 
24 
24 

24 
24 

24 O.O5O5/25”‘s 
24 

25 
25 
25 

24 
24 
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Table 1. Solubility of alkali-metal fluorides in organic solvents in the absence and presence of crown ethers 

Temperature Literature values 
Salt Solvent Crown ether/M Solubility, mM “C mM 

NaF CH,CN 

acetone 

THF 

DMF 

benzene 

KF 

cyclohexane 

CH,CN 

acetone 

THF 

DMF 

benzene 

RbF 

cyclohexane 

CH,CN 

acetone 

THF 

DMF 

benzene 

CsF 

cyclohexane 

CH,CN 

acetone 

THF 

DMF 

benzene 

cyclohexane 

18-crown-6/O. 10 

1 S-crown-S/O. 10 
18-crown-6/O. 11 

18-crown-6/O. 10 

18-crown-6/O. 10 
- 

15crown-S/O.10 
18-crown-6/O. 12 

18-crown-6/O. 10 

0.029 f 0.007 25 
0.026 + 0.006 25 

0.013 f 0.002 25 
0.018 k 0.002 25 
0.052 f 0.003 25 

0.018 + 0.004 24 
0.081 f. 0.004 24 

0.03 1 + 0.002 24 
0.13 * 0.01 24 

0.0054 + o.oOOst 25 
0.012 + 0.002t 25 

0.0060 k 0.0007t 25 

<0.0001*~ 24 
< 0.0001 *t 24 

0.031 f 0.004 24 

18-crown-6/O. 11 0.94 + 0.02 24 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 
- 

18-crown-6/O. 10 
- 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 

18-crown-6/O. 10 
- 

18-crown-6/O. 10 

18-crown-6/O. 10 
- 

18-crown-6/O. 10 

18-crown-6/O. 10 

0.034 + 0.003 
1.26 f 0.06 

0.13 + 0.01 
2.00 * 0.02 

0.12 +0.01 
1.57 k 0.06 

0.0026 k O.OOOlt 
0.5 1 f 0.035 

<o.o0009*t 
0.0051 + 0.0002t 

0.159 f 0.001 
11.2*0.1 

0.038 + 0.003 
3.4 f 0.2 

0.008 _+ 0.002 
0.51 k 0.02 

1.05 + 0.05 
6.4+0.1 

0.000017 f 0.000001~ 
0.68 f o.026 

<o.o0004*t 
0.057 * 0.004$ 

0.25 + 0.02 
3.50 * 0.04 

0.065 + 0.004 
9.7 & 0.8 

0.093 + 0.008 
0.97 + 0.04 

0.60 k 0.03 
5.95 * 0.03 

< 0.00005*~ 
1.14 _+ 0.08§ 

<O.O0006*t 

24 
24 

24 
24 

24 
24 

24 
24 

24 
24 

25 
25 

24 
24 

24 
24 

24 
24 

24 
24 

24 
24 

25 
25 

24 
24 

24 
24 

24 
24 

24 
24 

24 
24 

0.32”, 0.32/25”16, 0.48/18”‘6 
0.318/25”” 

4.310.1 5M/2505, ‘O 
3.5/0.16M/25”“’ 

0.0030/18”, 0.0033/37”‘4 

14/0.34M/25”, 52/l.OlM/25”“’ 

0.027/18”, 0.29/37”“’ 

1.65/20”, l.90/30°‘9 

0.040/18”, 0.044/37”‘4 

0.97/20”, 1 .25/30”19 

18-crown-6/O. 10 0.0063 f 0.0004t 

*Limit of detection. 
TEvaporation method. 
§Common solvent method. 

RESULTS AND DISCUSSION alkali-metal fluorides in several organic solvents in 
the presence and absence of crown ethers. In general, 

The present method produced consistent solubility the values obtained were lower than the solubilities 
data (Table l), with good standard deviations, for previously reported, which differed over a wide range. 
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Evaluation of the results must take account of how 
the sample was prepared and how the solubility was 
measured. The importance of controlled procedures 
and reproducibility cannot be overemphasized. 

High values for the solubility of very slightly 
soluble salts can result from traces of very finely 
divided solid present in the saturated solution sam- 
ples. In investigations of solubility in non-aqueous 
solvents, trace amounts of water present in the sol- 
vents used or introduced during the preparation of 
the saturated solutions can increase the amount of 
solute dissolved. Inconsistent and inaccurate data can 
also result if standards are improperly matched; in 
flame spectrometry, organic solvents and other com- 
ponents can affect the flame temperature and rate of 
nebulization and thereby the degree of ionization. 
The present method has provided for separation of 
the solution from the finely divided solid phase, and 
for the use of dry solvents in a controlled atmosphere. 
The standards were chosen to provide an identical 
matrix and to bracket sample concentrations in a 
range of linear response. 

The effect of traces of moisture is probably the 
major factor influencing such solubility data.‘O The 
results in Table 1 represent the solubilities in dry 
solvents under laboratory working conditions normal 
for moisture-sensitive materials. The effect of mois- 
ture on the solubility of potassium fluoride in aceto- 
nitrile is illustrated by the following comparison. 
For one group of samples extreme precautions were 
taken to ensure dryness; the acetonitrile was dried for 
several days over phosphorus pentoxide and redis- 
tilled under nitrogen immediately before use;*’ its 
moisture content was monitored by modified cou- 
lometric Karl Fischer titration;22,23 the potassium 
fluoride was dried under vacuum at 120” for 2 hr; 
refluxing, cooling to room temperature, two-step 
centrifugation and Acre-disc@ filtration were all per- 
formed in a closed system (glove-bag) under dry 
nitrogen. This resulted in a 0.014 f 0.002mM satur- 
ated solution of potassium fluoride in acetonitrile 
with a water content of 100 + 20 pg/ml, which may 
be compared with the value 0.031 + 0.004mM ob- 
tained for a saturated solution of potassium fluoride 
in normally dried acetonitrile containing 400 f 40 
pg/ml water. Obviously, the solubility of potassium 
fluoride in the organic solvent is dependent on the 
amount of water present. Although it would be 
possible to extrapolate to a solubility at zero water 
content, this would represent a condition that does 
not exist under experimental conditions. The solu- 
bility of real experimental significance is that ob- 
tained under normal anhydrous operating conditions, 
such as those employed for the solubilities reported 
in Table 1. 

The solubilities recorded in the literature for alkali- 
metal fluorides in acetoneI are lower than those 
obtained by the present method for lithium, sodium 
and potassium fluorides. These literature values were 
obtained by conductance measurements, which de- 

pend on free ions in solution; any ion-pair formation 
or solvation would result in lower apparent solubility. 
The solubilities of the more soluble rubidium and 
caesium fluorides were probably determined by 
weight, but no details were given; they are in agree- 
ment with the values obtained by our flame photo- 
metric method. 

The ability of a crown ether to enhance solubility 
in non-aqueous solvents depends not only on the 
cavity size of the crown ether and the cation radius 
but also on the inherent solubility of the particular 
inorganic salt in the pure solvent.” 18-Crown-6 was 
found to enhance the solubility of potassium, rubid- 
ium and caesium fluorides in all the solvents tested- 
acetonitrile, acetone, THF, DMF, benzene and 
cyclohexane; a smaller degree of enhancement was 
observed for sodium fluoride in acetone, THF, DMF 
and benzene, and only a very slight enhancement for 
lithium fluoride in benzene, with no enhancement in 
the other solvents. The cavity diameter in 18-crown-6 
(2.6-3.2 A)” can accommodate the potassium ion 
(ionic diameter 2.66 A) or rubidium ion (2.94 A) in 
a 1: 1 complex. The increased solubility of a caesium 
fluoride can be attributed to the caesium ion being 
sandwiched between two l&crown-6 molecules in a 
1: 2 complex. The smaller sodium ion (1.94 A) and 
lithium ion (1.36 A) can be complexed by l&crown-6 
but the poorer fit of ion to cavity results in a smaller 
degree of complex formation and less enhancement of 
solubility. 

The effect of the smaller crown ethers, 15-crown-5 
(cavity diameter 1.7-2.2 A’” or 1.72-l .84 A24) and 
12-crown-4 (cavity diameter 1.2-1.5 A”) on the 
solubility of sodium and lithium fluorides, re- 
spectively, was investigated since these would seem to 
provide good cavity sizes for complexing the cations, 
but the result is not always as expected.*’ For benzene 
as solvent, in which 18-crown-6 had caused a slight 
enhancement of lithium fluoride solubility, only the 
same degree of enhancement was observed with 
12-crown-4, although it would seem to give an ideal 
fit for lithium ions. Neither crown ether produced any 
enhancement of the solubility of lithium fluoride in 
acetone. The sodium ion may be slightly large for the 
15-crown-5 ether cavity but there a slight enhance- 
ment of the solubility of its fluoride in both benzene 
and acetone was found. The 18-crown-6 ether was 
found to be ineffective with sodium fluoride in ben- 
zene, but was more effective than 15-crown-5 in 
acetone. A similar anomaly in effect of crown cavity 
size on effectiveness of ion-complexing was noted by 
Hopkins and NormanZS who observed that the equi- 
librium constants for complexation with a fixed con- 
centration of lithium iodide were in the order 
18-crown-6 > 15-crown-5 > 12-crown-4. 

CONCLUSIONS 

The solubilities of alkali-metal fluorides in non- 
aqueous solvents have been determined with and 
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without crown ether present. The results compare 8. S. E. Cremer and C. Blankenship, ibid, 1980, 21, 2979. 

favourablv with those in the literature. A discussion 9. J. H. Clark. Chem. Rev.. 1980, 80, 429. 

of the solubilities, based on ion-size, ion-pair for- 
mation and solvent donor-power can be found else- 
where.26 Water present in the solvent, air and salts has 
a marked influence on the solubility. Crown ethers 
increase the solubility of some alkali-metal fluorides, 
particularly when the ion-size matches the cavity in 
1%crown-6. The methods of determination, based on 
flame emission spectrometry, are simple and result in 
good precision. The importance of matrix-matching 
samples, standards and a proper blank, cannot be 
overemphasized. 

10. R. M. Izatt and J. J. Christensen, Synthetic Multidentate 
Macrocyclic Compounds, Chaps. 1, 3. Academic Press, 
New York, 1978. 
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2-(8-QUINOLYLAZO)-7-PHENYLAZOCHROMOTROPIC 
ACID AS AN ANALYTICAL REAGENT* 
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China 
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Sununnry-2-(8-Quinolylazo)-7-phenylazochromotropic acid (QAPAC) has been synthesized by coupling 
diazotized 8-aminoquinoline with 2-phenylazochromotropic acid as well as by coupling diazotized aniline 
with 2-(S-quinolylazo)chromotropic acid. The properties of QAPAC and the spectrophotometric charac- 
teristics of some metal-QAPAC complexes are reported. 

Quinolylazo derivatives are promising analytical 
reagents for spectrophotometric determination of 
trace elements. So far the number of published 
works on reagents derived from diazotized 
8aminoquinoline is limited.‘-5 We have tested 
23 compounds derived from this compound and find 
that 2-(8quinolylazo)-7-phenylazo-l&dihydroxy- 
naphthalene-3,6-disulphonic acid [2-(Squinoly- 
laze)-7-phenylazochromotropic acid, QAPAC] has 
the best analytical characteristics. Our studies on its 
synthesis and properties are now reported. 

EXPERIMENTAL 

Synthesis of the reagent 
Dissolve 7.9 g of I-aminoquinoline in 60 ml of 2M 

hydrochloric acid and cool to 0”. With stirring, add drop- 
wise 60 ml of ice-cold water containing 4.2 g of sodium 
nitrite. Cool the mixture for 1 hr in an ice-bath. In a separate 
vessel suspend 42.5 g of calcium oxide in 200 ml of hot 
water. Dissolve about 45 g of Chromotrope 2R (disodium 
salt of phenylazochromotropic acid) in the minimum 
amount of water and chromatograph it on a Polyamide 6 
column with water as effluent. Collect the red fraction and 
pour it into the cooled calcium hydroxide suspension. To 
this mixture add the diazotized 8-aminoquinoline solution, 
followed by 63 g of sodium chloride. Stir the mixture for 1 
hr, then dilute with 1 litre of water. Add 100 ml of 
concentrated hydrochloric acid to precipitate the QAPAC. 
Collect the precipitate and wash it with hydrochloric acid of 
decreasing concentration, then with water. Dry the crude 
product under vacuum at 45” (yield 12.9 g). Dissolve the 
product in 1M sodium hydroxide, and reprecipitate it three 
times with concentrated hydrochloric acid. For further 
purification, prepare a chromatographic column of Poly- 
amide 6 sorbent (6-7 cm in length, 24 cm diameter). 
Dissolve the crude product in the minimum amount of 1M 
sodium hydroxide, apply it to the column, elute with 0.2M 
sodium hydroxide and discard the red fraction of the eluate. 
Collect the blue fraction and precipitate QAPAC from it 
with concentrated hydrochloric acid. Filter off under suction 
and dry under vacuum. Evaluate the purity of the product 

*Research supported by Chem. Grant No. 566 of Science 
Foundation, Academia Sinica, PRC. 

by paper chromatography with 2: 1:l (v/v) butan-l- 
ol-glacial acetic acid-water. The best product shows a blue 
spot remaining at the start. Analysis: C,,H,,O,N,S, re- 
quires 12.08” N, 11.06” S; found 12.0” N, 10.7, S. The 
principal infrared bands are at 1030, 1190, 1275 and 1445 
cl-r-‘. 

RESULTS AND DISCUSSION 

PuriJication and identification of QAPAC 

The commercially available Chromotrope 2R con- 
tained blue impurities which were left on the Poly- 
amide 6 column when the red fraction was eluted with 
water. When QAPAC was precipitated with hydro- 
chloric acid, most of the unreacted phenyl- 
azochromotropic acid remained in solution. For the 
chromatographic separation of QAPAC from im- 
purities on a Polyamide 6 column, ammonia or 
sodium hydroxide solutions of various concentration 
were tried as eluents, and 0.2M sodium hydroxide 
was found to be the best. 

Theoretically, QAPAC can be synthesized by two 
different routes (an example of so-called “meeting 
synthesis”6) (Scheme 1). 

Both routes were used, in order to confirm the 
nature of the product obtained. Diazotized 8-amino- 
quinoline was first coupled with chromotropic acid 
in sodium carbonate medium to give 
2-(8-quinolylazo)-l,8-dihydroxynaphthalene-3,6-disul- 
phonic acid. The second coupling reaction was done 
in calcium hydroxide medium with diazotized aniline. 
The crude product was reprecipitated and further 
purified by column chromatography. QAPAC ob- 
tained in this way was examined by paper chro- 
matography and infrared spectroscopy, and gave the 
same results as the product obtained by the first 
reaction route. 

Properties of QAPAC 

QAPAC is a dark-purple amorphous powder, 
slightly soluble in water and ethanol, readily soluble 
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Scheme 1. 

in N,N-dimethylformamide and strongly acidic or hypsochromic shift when the pH is decreased. The 
alkaline solutions. protonation data for R4- were obtained by means of 

In strongly alkaline solutions QAPAC is assumed pH-absorbance measurements.’ The protonation 
to exist in a blue dissociated form (R4-, A,,,,, = 630 constants found for the two naphthol oxygen atoms 
nm). The absorption spectrum of QAPAC shows a and the quinolyl nitrogen atom are: log k, = 14.30; 

log kz = 11.27; log kr = 1.66.* The log k value 
[H,R’-‘J 

*‘I= [H+J[H,_,RS] 

for protonation of the quinolyl group is fairly 
close to that for I-(8-quinolylazo)-2-hydroxy- 

Table 1. Spectrophotometric characteristics of metal-QAPAC complexes 

Auxiliary agents I A& Molar absorptivity? 
Ion added* PH n?’ nm at &, I.mole-‘.cm-’ 

Ca(II) 4.5 126 170 2.46 x IO5 
DDMAA + phen 5.6 126 170 2.10 x 105 

Sr(II) DDMAA + phen 5.6 716 160 1.00 x 10s 
La(II1) DDMAA + phen 8.0 710 154 4.90 x lo4 
Y(III) DDMAA + phen 8.0 710 154 4.00 x lo4 
V(V) 4.2 630 74 2.74 x 104 
Fe(R) CTMAB + Triton X- 100 2.7 670 114 2.80 x 104 

2.7 680 124 2.16 x lo4 
Co(H) CTMAB + Triton X-100 5.0 670 114 1.03 x 105 

5.0 650 94 7.40 x 104 
Cu(I) SLS + NHzOH 5.0 650 94 9.47 x 104 
Cu(II) 1.0-1.5 694 138 4.65 x lo4 
Pd(I1) 1.4 660 104 4.10 x lo4 

DDMAA 2.4M HCl 600 44 6.00 x lo4 
Hg(II) 9.2 700 144 8.50 x 10’ 
Ga(III 4.0 600 44 2.72 x 104 

*CTMAB = cetyltrimethylammonium bromide; DDMAA = dodecyldimethylaminoacetic acid; phen = 
l,lO-phenanthroline; SLS = sodium lauryl sulphate. 

tWith excess of QAPAC present. 
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Fig. 1. Absorption spectra. A: QAPAC, 1.36 x 10e5M. 
against water; B: ‘Ca-QAPAC‘ comPlex, [Ca’] =’ 
3.75 x 10-6M, [QAPAC] = 3.40 x 10m5M, against reagent 

blank. pH 4.5, l-cm cells. 

naphthalene-3,6_disulphonic acid (1.48) reported by 
Basargin et al.’ 

Co/our reactions of QAPAC with metal ions 

QAPAC forms water-soluble, intensely coloured 
complexes with various metal ions. The reaction 
conditions and spectrophotometric characteristics of 
the complexes are presented in Table 1. The photo- 
metric sensitivity for certain metals is higher than that 
with other reagents. Calcium, for instance, can be 
determined with excellent sensitivity, the molar ab- 
sorptivity of the 1: 1 Ca-QAPAC complex in the 
absence of sensitizing agents being 2.46 x lo5 
1. mol-’ . cm-’ at 726 nm. In the presence of dodecyl- 
dimethylaminoactic acid and l,lO-phenanthroline the 
molar ratio of Ca and QAPAC in the complex 
changes from 1: 1 to 1: 2, with better colour stability 

and broader optimum pH-range (pH 4-10 instead of 
pH 4.3-4.9 in the absence of auxiliary agents), but the 
molar absorptivity falls slightly to 2.1 x 10’. The 
selectivity is comparable with that of the Arsenazo III 
method. The QAPAC method has been applied to the 
determination of calcium in rain and snow samples; 
the experimental details are described elsewhere.8 

Savvin et al. have described three types of colour 
reactions of alkaline-earth metal and some other 
elements with 2,7-bisazo derivatives of chromotropic 
acid. The absorption curve of the Ca-QAPAC com- 
plexes exhibits two humps at 726 and 660 nm (Fig. 
1) and is quite similar to those of the third type of 
colour complexes reported by Savvin et aL9-” These 
authors interpreted the presence of two absorption 
maxima in the metal-complex spectrum as a con- 
sequence of a I:2 sandwich structure, with two 
isolated reagent molecules in the complex.‘0 How- 
ever, according to our experimental results, QAPAC 
forms calcium complexes with a metal to ligand ratio 
of 1: 1. Hence, in this instance the mechanism of the 
colour development requires to be examined further. 
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Summary-Enhancement of sensitivity by factors of up to 1.5 by use of the microsampling technique, 
coupled with the advantage of using small samples in small solution volumes, permits rapid flame AAS 
determination of traces of SC, Y, Nd, Eu. DY. Ho. Er. Tm and Yb in ultramafic and most other rocks 
of low rare-earth content, which would be either impossible or very difficult to analyse by direct aspiration 
because of the need for much larger sample weights and solution volumes. The rare-earths are separated 
by a modified ion-exchange or a double calcium oxalate and single hydrous ferric oxide co-precipitation 
procedure, and ultimately determined in an ethanolic perchlorate solution, buffered with 1% lanthanum, 
by the flame microsample injection technique, with a nitrous oxide-acetylene flame. The results obtained 
by this technique for six international reference rocks SY-2 (syenite), BCR-1 (basalt), BHVO-I (Hawaiian 
basalt), SCo-1 (Cody shale), MAGI (marine mud) and STM-1 (syenite) are compared with those obtained 
previously by the direct aspiration method and with other reported data. Results are given for four new 
Canadian iron formation reference materials FeR-I to FeR-4. 

Abundance-studies on the rare-earths for petro- 
genetic modelling require their rapid determination in 
a variety of igneous and sedimentary rocks and 
rock-forming minerals. An earlier publication’ 
described an atomic-absorption spectrometric (AAS) 
method for the determination of Y, Nd, Eu, Dy, Ho, 
Er, Tm and Yb in some minerals and rocks, by direct 
aspiration of the sample solution (in ethanolic 
perchlorate medium containing 1% lanthanum as 
spectroscopic buffer) into a nitrous oxide-acetylene 
flame. The rare-earth elements (REE) were separated 
from a relatively large sample (3-10 g) by double 
co-precipitation with calcium oxalate followed by a 
co-precipitation with hydrous iron oxide to remove 
calcium. Although this method is applicable to rare- 
earth minerals and to certain rocks of relatively high 
rare-earth content (e.g., syenites, carbonatites, tuffs, 
foyaites, some basalts and granites), it is not suitable 
for ultramafic and some common rocks and rock- 
forming minerals (e.g., peridotites, gabbros, basic 
gneisses, anorthosites, tonalites, certain shales and 
altered granites, atzites, sandstones, iron formations 
and pyroxenes) containing only a few ppm of REE, 
because of the difficulties in the decomposition and 
subsequent handling of the large amount (l&l5 g) of 
sample required for preconcentration of the rare- 
earths. Use of a smaller sample (2-3 g) for the flame 
AAS determination of these rare-earth elements in 
these materials would require a small final solution 
volume (2-3 ml) after preconcentration of the ele- 

Crown copyrights reserved. 

ments as described previously,‘,2 so use of a flame 
microsample injection technique3-’ has been in- 
vestigated. This AAS finish has not been used before 
for the determination of the rare-earths in rocks. The 
ion-exchange procedure used previously for 
britholite2 was modified in this work by using smaller 
volumes and higher concentrations of hydrochloric 
acid for rapid elution. 

The microsampling method is easier to use than the 
graphite-furnace AAS technique normally favoured 
for trace element determinations, suffers less inter- 
ference from associated elements and is much faster 
for routine work. The results obtained for six inter- 
national reference rocks by this technique are com- 
pared with those obtained previously by the direct- 
aspiration flame method and with other reported 
data. Results are also given for four new Canadian 
iron-formation reference materials, FeR-1, FeR-2, 
FeR-3 and FeR-4. 

EXPERIMENTAL 

Apparatus 
A Techtron model AA-3 spectrometer fitted with a 

Goguel-type water cooled burner’ and a variable-flow neb- 
ulizer with an uptake rate of 4 ml/min, and equipped with 
some Techtron model AA-5 accessories such as a modulated 
lamp-current supply (Type MLS-5), lamp turret assembly 
and an indicating module (Type IM-5), was used for 
atomic-absorption measurements. Eppendorf multivolume 
micropipettes (100-1000 ~1) and a Varian model 66 micro- 
sampler were used for sample dilution and for dispensing 
solutions into the flame. Up to IO-fold scale expansion on 
the IM-5 unit was used and the absorbance peaks were 
recorded on a Varian model 9176 strip-chart recorder with 
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Table I. Operating parameters and sensitivities of scandium, yttrium and certain rare-earths in the nitrous oxide-acetylene 
flame by microsample injection* 

Element 
Wavelength, 

nm 

Spectral 
bandwidth, 

nm 

Westinghouse 
lamp 

current, 
mA 

Sensitivity, ppmll% absorption Sensitivity 
Micro Direct enhancement 

sampling (MS)* aspiration (DA)? factor (DA/MS) 

SC 391.18 0.2 5 0.22 
Y 410.24 0.5 5 3.2 

Nd 492.45 0.2 10 7.7 
EU 459.40 0.2 5 0.35 

DY 421.17 0.2 10 0.36 
Ho 410.38 0.2 5 0.47 
Er 400.80 0.5 5 0.32 

Tm 371.79 0.5 105 0.14 
Yb 398.80 0.5 5 0.048 

0.251 
3.2 
9.4 
0.35 
0.40 
0.67 
0.46 
0.21 
0.07 

1.1 
1.0 
1.2 
1.0 
1.1 
1.4 
I .4 
1.5 
1.5 

*200-~1 injections of absolute ethanolic perchlorate solutions of the elements, buffered with 1”/0 La. 
@en Gupta.’ 
@en Gupta.’ 
§Varian hollow-cathode lamp. 

a chart-speed of 200 cm/hr. The supply of compressed air 
or nitrous oxide and acetylene to the burner head was 
controlled by a Beckman gas-control unit. 

Sensitivities and instrumental operating parameters are 
given in Table 1. An improvement of sensitivity by factors 
of up to 1.5 for most elements was obtained by using 
microsample injection instead of direct aspiration. 

Ion-exchange column. Pack a 30-cm long Dowex 5OW-X8 
cation-exchange resin (SCrlOO mesh) column in the boro- 
silicate glass apparatus shown in Fig. 1. Wash the column 
with 6M hydrochloric acid until the effluent is free from 
Fe’+ (test with ammonium thiocyanate solution), and then 

T 

I 
, Wire 

clamp 

1.8 cm I.D. 

/ 
Glass wool 

0.4 cm I.D. , 

.c 
s? 
a 

0. 4 cm I.D. 

=f=I 
I 0.15 cm I.D. 

A I 
yafer level 

L 

Tygon tubing 

Fig. 1. Ion-exchange column. 

with demineralized water until the washings are neutral to 
blue litmus paper. 

Reagents 

Standard solutions. Prepare stock solutions (1000 ppm) of 
SC, Y and the lanthanides by dissolving appropriate quan- 
tities of the pure oxides in hot dilute nitric acid. Remove the 
excess of acid by evaporation, dilute the solutions to known 
volume with 1M nitric acid and store them in Nalgene 
bottles. To standardize, transfer 5 ml to a IO-ml platinum 
crucible previously ignited to constant weight at 1000 , 
evaporate to dryness on a steam-bath, heat the crucible 
gently with a low Bunsen flame until no more fumes are 
evolved, then strongly with the full flame, and finally ignite 
in a muffle furnace at 1000” for 30 min. Cool in a desiccator 
for 30 min and weigh. Prepare working solutions 
(0.1-100 ppm) by appropriate dilution of the stock solution 
with O.lM nitric acid and store them in Nalgene bottles. 

Lanthanum buffers, 5% solutions. Prepare an aqueous 
solution by dissolving 5.85 g of high-purity lanthanum oxide 
in hot dilute nitric acid. Dilute to 100 ml with demineralized 
water and store in a 125-m] Nalgene bottle. To prepare an 
ethanolic solution, evaporate 25 ml of the aqueous solution 
to dryness on a hot-plate, add 10 ml of concentrated 
perchloric acid, evaporate to a moist residue, cool the 
covered beaker to room temperature, and add 10-15 ml of 
absolute ethanol. Warm on a steam-bath and stir to dissolve 
the salts, then transfer the solution to a 25-m] standard flask, 
dilute to volume with ethanol and store in a 30-ml Nalgene 
bottle. 

Other reagents. Ferric nitrate solution (Fe 5 mg/ml in 1M 
nitric acid; ferric perchlorate solution (Fe 5 mg/ml in 
absolute ethanol); 10% nitric acid--5% hydrogen peroxide 
solution; 1.85M and 6M hydrochloric acid; 0.1 M and 1 M 
nitric acid. 

Procedures 

Calibration solutions. Using IOO-ml standard flasks, pre- 
pare three stock standard solutions, diluted to volume with 
1M nitric acid, containing SC, Y, Th and the REE in 
amounts approximating those found in a 25-g sample of the 
international reference rocks GA (granite6.‘), SY-2 and 
SY-3 (both syenites’,*) (see Table 2 and Note 1). Store the 

solutions in Nalgene bottles. 
To 20-m] beakers, transfer 5, 10 and 15 ml of synthetic 

standard GA solution, 2.5, 5 and 7.5 ml of synthetic standard 
SY-2 solution, and 2, 3 and 4 ml of synthetic standard SY-3 
solution. Add 1 ml of aqueous 5% lanthanum buffer solu- 
tion to each beaker, evaporate the solutions to dryness, then 
add 2 ml of concentrated perchloric acid and evaporate to 
a moist residue. Cool each beaker, cover with a watch-glass 
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and dissolve the salts in 2-3 ml of absolute ethanol, stirring 
with a glass rod. Transfer the solutions to S-ml standard 
flasks, dilute to volume with ethanol, then transfer to 8-ml 
glass vials and close the screw-caps tightly. 

Prepare a blank for correction purposes after the ion- 
exchange separation of the rare earths, by diluting 1 ml of 
ethanolic 5% lanthanum buffer solution to volume in a 5-ml 
standard flask with absolute ethanol. Prepare a similar 
blank containing 610 mg of iron(III), as perchlorate, for 
correction purposes after the separation of the rare earths 
by co-precipitation. Transfer to 15ml glass vials and close 
the screw-caps tightly. 

Sample decomposition. Depending on the type of sample 
and the quantity available, transfer 2-3 g, accurately 
weighed, of the finely powdered sample to a 50- or lOO-ml 
platinum dish and moisten with water. Cover the dish with 
a platinum lid and gradually, while stirring with a platinum 
rod, add l&20 ml of concentrated hydrofluoric acid. Heat 
on a steam-bath for 2-3 hr, then remove the lid and rinse 
it in with water, and evaporate the solution to dryness. Add 
10-20 ml of concentrated nitric acid to the residue, stir to 
break up any lumps, and evaporate to dryness.* 

Add 15-20 ml of concentrated perchloric acid, stir the 
mixture until a thin slurry is produced, then cover the dish, 
and heat gently on a sand-bath until fumes of perchloric 
acid start to appear. Remove the lid, rinse in with water, stir 
to mix, then evaporate the solution to a syrupy consistency. 

Cool the dish. add 25 ml of 10% nitric acid-5”/, hvdroaen 
peroxide solution, cover and, with occasional &ring, h\at 
on a steam-bath to dissolve the salts. Transfer the solution 
to a 400-ml beaker, rinse the dish thoroughly with water, 
cover the beaker with a watch-glass and boil vigorously to 
decompose the excess of hydrogen peroxide. If insoluble 
material is present or a precipitate forms on cooling, filter 
the solution through a Whatman No. 40 paper, wash with 
hot 10% nitric acid-5% hydrogen peroxide solution, then 
transfer the paper and residue to a platinum crucible and 
burn off the paper at -400” in a muffle furnace. Ignite the 
residue at -800” for 15 mitt, cool the crucible and, de- 
pending on the quantity of residue, add 0.5-I g of potassium 
pyrosulphate. Mix thoroughly, then fuse the mixture over 
an open flame and keep the melt at red heat for a short time 
to ensure complete decomposition. Cool the crucible, add 
15 ml of water, loosen the cake with a glass rod, then 
transfer to a 50-ml beaker. Heat on a hot-plate and add 50% 
sulphuric acid dropwise, if necessary, until a clear solution 
is obtained. Add this solution to the main solution. 

Ion-exchange separation. Using a pH-meter, adjust the 
pH of the solution to I .2 + 0.2 by dilution with demin- 
eralized water, then transfer the solution to a 250-ml 
separatory funnel clamped at the top of the cation-exchange 
resin column. Pass the solution through the column at 
about 2.5 ml/min. Wash the beaker three times with IO-ml 
portions of acidulated water (pH I .2 +_ 0.2) and add the 
washings to the column. 

Elute the common ions from the column with 250-300 
ml of 1.85M hydrochloric acid (at 2.5 ml/min) until the 
effluent is free from Fe’+ (test with ammonium thiocyanate 
solution). Discard the effluent. 

Elute the rare-earths, scandium and yttrium by passing 
500 ml of 6M hydrochloric acid through the column at 2.5 
ml/min. Collect the eluate in a 600-ml beaker, and evapo- 
rate it to about 5 ml. Transfer the solution to a 20-ml 
beaker, rinsing the original beaker with hot 6M hydro- 
chloric acid. Evaporate the solution to a syrupy liquid on 
a hot-plate and finally to dryness on a steam-bath. Add 5 
ml of concentrated nitric acid and 1 ml of 30’/, hydrogen 

*For shale samples of high carbon content (2-8x), place the 
dish on a silica triangle supported on a tripod, cover and 
heat gently with a Bunsen burner until all acid fumes are 
expelled and all organic material is destroyed. Heat 
briefly to red heat, cool, then proceed as described. 

peroxide, cover the beaker with a watch-glass and heat on 
a steam-bath to decompose any resin and convert the 
chlorides into the nitrates. When the reaction has subsided, 
raise the watch-glass by means of glass hooks and evapo- 
rate the solution to dryness. Repeat the nitric acid-peroxide 
treatment and subsequent evaporation twice more to ensure 
complete decomposition of the organic material and con- 
version of the salts into nitrates. Dissolve the final residue 
in 5 ml of O.lM nitric acid by stirring and warming briefly 
on a steam-bath,then transfer to a IO-ml standard flask and 
dilute to the mark with 0.1 M nitric acid. If necessary, filter 
the 5 ml of solution through a 5.5-cm glass-fibre naner in 
a 58” funnel 35 mm in diameter, rinsing the beaker and 
washing the paper with O.lM nitric acid, collecting the 
filtrate and washings in a lo-ml standard flask. This 10 ml 
of solution is Solution A. 

Alternative preconcentration by oxalate and hydroxide 
co-precipitations. Preconcentrate the rare-earths by double 
oxalate co-precipitation with 0.2 g of added calcium, fol- 
lowed by a single hydrous oxide co-precipitation with 5 mg 
of added iron to remove the calcium.’ After destruction of 
the paper containing the hydrous oxide residue, by three 
evaporations with concentrated nitric acid and 30% hydro- 
gen peroxide, evaporate the solution to dryness on a steam- 
bath. Dissolve the salts in 5 ml of 0.1 M nitric acid, stirring 
with a glass rod and briefly warming on a steam-bath, and 
make up to volume with the same acid in a lo-ml standard 
flask (filtering etc., if necessary, as just described) to obtain 
Solution A. 

Preparation of ethanolicperchlorate solution. If the sample 
weight was 3 g, transfer 8 ml (Note 2) of Solution A to a 
IO-ml beaker, add 0.6 ml of aqueous 5% lanthanum buffer 
solution and evaporate to dryness, then add 2 ml of 
concentrated perchloric acid and evaporate on an asbestos- 
covered hot-plate to a moist residue. Cool until no fumes are 
visible, then cover the beaker with a watch-glass. Add 1 ml 
of absolute ethanol and stir the mixture with a small glass 
rod to dislodge the solids and dissolve the salts. Transfer the 
solution to a 3-ml standard flask (available from Mandel 
Scientific Co. Ltd., Rockwood, Ontario), dilute to volume 
with absolute ethanol, then transfer the solution to a 5-ml 
glass vial and close the screw-cap tightly (Note 3). 

If the original sample weight was <3 g, transfer 8 ml of 
Solution A to a IO-ml beaker, add 0.4 ml of aqueous 5% 
lanthanum buffer solution and evaporate with perchloric 
acid as above. Dissolve the salts in 1 ml of absolute ethanol, 
transfer the solution to a 2-ml standard flask, dilute to 
volume with ethanol, then transfer the solution to a 5-ml 
glass vial. In order to have sufficient volume for deter- 
mination of the specified elements, transfer 0.5 ml to a I-ml 
standard flask, add 0.1 ml of ethanolic 5% lanthanum buffer 
solution, dilute to volume with absolute ethanol, then 
transfer the solution to a 5-ml glass vial (Note 4). Close the 
screw-caps tightly to prevent evaporation losses. 

AAS determination of SC, Y, Nd, Eu, Dy, Ho, Er, Tm and 
Yb by Jame microsample injection. After adjustment of the 
solution uptake into the lean nitrous oxide-acetylene flame 
(34 cm red feather) to 4 ml/min, with absolute ethanol as 
the test liquid, and optimization of the vertical and horizon- 
tal burner positions with IO-fold scale expansion and an 
ethanolic perchlorate solution of the appropriate element 
(containing ethanolic lanthanum buffer), connect one end of 
the uptake tubing to the burner nebulizer and the other end 
to the bottom of the injection funnel of the microsampler, 
which is firmly held on the vial tray by a mounting bracket. 

With the AAS instrument set at IO-fold scale expansion 
and the strip-chart recorder at appropriate sensitivity, suc- 
cessively aspirate (Note 5) 200~~1 portions of the blank, 
calibration and sample solutions by means of the injection 
funnel, in the following order: blank, low calibration 
solution (e.g., synthetic GA), sample solution, blank, high 
calibration solution (e.g., synthetic SY-2 or SY-3). Between 
each aspiration, wash the funnel and the capillary tube with 
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0.6 

t 

1 

Fig. 2. Absorbance peaks and calibration curve (inset) for 
erbium: A, blank (1% La buffer solution); B, 1 ppm Er; C, 
2 ppm Er: D, 3 ppm Er; E, capillary tube and spray chamber 
cleaned with absolute ethanol between injection of samples. 

Approximately IO-fold scale expansion was used. 

a jet of absolute ethanol from a wash bottle until the flame 
shows no colour due to sample salts and lanthanum. Use a 
fresh pipette tip for each solution (Note 6). 

Correct the absorbance value obtained for each cali- 
bration solution and plot absorbance of the particular 
rare-earth element vs. its concentration. Determine the 
corresponding rare-earth content of the sample solution by 
reference to the calibration curve, after correction for the 
blank. Monitor the recovery by determination (in the same 
run) of the same element in two international reference 
rocks for which “usable values”’ for the REE are available. 

1. Since in the flame AAS determination of REE there 
are no interelement interferences among the rare-earths in 

t 
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I 
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L 

Fig. 3. Absorbance peaks and calibration curve (inset) for 
ytterbium: A, blank (1% La buffer solution); B, 0.4 ppm Yb; 
C, 0.8 ppm Yb; D, 1.2 ppm Yb; E, capillary tube and spray 
chamber cleaned with absolute ethanol between injection of 
samples. Approximately IO-fold scale expansion was used. 

the presence of 1% lanthanum spectroscopic buffer,’ such 
solutions provide handy standards for the specified elements 
for preparation of calibration curves. 

Table 2. Recovery of SC, Y and seven rare-earth elements from synthetic 
solutions* used for calibration purposes, after preconcentration by double 

calcium oxalate and single hydrous ferric oxide co-precipitations 

Concentration, ppm 

GA (Granite) SY-2 (Syenite) 

Element Taken Found Taken Found 

SY-3 (Syenite) 

Taken Found 

SC 7 7 7 7 11 II 
Y 17 17 120 120 600 600 

Nd 20 19 75 73 700 680 
Eu 0.83 0.8 2.3 2.3 14 14 
DY 2.7 2.8 21 22 118 119 
Ho 0.5 <I 7 6.8 22 21 
Er 1.5 1.5 13 13 52 52 

Tm 0.21 0.2 2.5 2.4 10.5 10 
Yb 1.4 1.45 16 15.9 55 53 

*The synthetic solutions contained the amounts of scandium, yttrium and 
rare-earth elements shown, plus the following elements (in ppm): 
GA-38 La, 70 Ce, 7 Pr, 5.2 Sm, 3 Gd, 0.5 Tb, 0.3 Lu and 17.6 Th. 
SY-2-88 La, 210 Ce, 16 Pr, 17 Sm, 11 Gd, 2.7 Tb, 3 Lu and 370 Th. 
SY-3-1250 La, 2000 Ce, 125 Pr, 108 Sm, 53 Gd, 15 Tb, 8 Lu and 980 
Th. 
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2. The remaining 2 ml of Solution A can be used for the 
determination of other rare-earths by electrothermal 
AAS.“’ 

3. For a sample of high scandium or REE content it may 
be necessary to dilute the initial solution to a suitable 
volume with absolute ethanol before the AAS deter- 
mination. Sufficient ethanolic 5% lanthanum solution must 
be added for the final concentration of lanthanum to be 1% 
by weight. 

4. The determination of SC (see Note 3 above). Dv and Yb 
should be completed from t-his diluted solution,~and the 
original sample solution should be used for determination 
of Y, Nd, ELI, Ho, Er and Tm. 

5. For recording absorbances of most standards and 
sample solutions use the recorder set at 10 mV full-scale 
deflection. Additional scale expansion may be obtained by 
using 5 mV full-scale deflection (useful for very low Nd, Eu 
and Ho contents). 

6. Do not discard the blue pipette tips after use. Wash 
them thoroughly in tap water, followed by demineralized 
water, then dry at room temperature overnight. 

RESULTS 

Figures 2 and 3 show that for the concentration 
ranges tested the absorbance peaks obtained for 
erbium and ytterbium with the microsampling tech- 
nique are reasonably reproducible, and linear cali- 
bration graphs are obtained. Similar results were 
obtained for SC, Y, Nd, Eu, Dy, Ho and Tm in 
suitable concentration ranges. 

The reliability of the proposed method was tested 
by applying it to the analysis of the synthetic GA, 
SY-2 and SY-3 solutions prepared for calibration 
purposes. It was also applied to various Canadian 
and U.S.G.S. reference rocks for which published 
data on the REE are available for comparison, and 
to four new Canadian iron formation reference mater- 
ials FeR-I, FeR-2, FeR-3 and FeR-4. The results of 
these determinations are given in Tables 24. 

DISCUSSION 

Table 2 shows that complete recovery (100 f 5%) 
of the added REE was obtained after their separation 
by double calcium oxalate and hydrous ferric oxide 
co-precipitation. Tables 3 and 4 show that the results 
obtained for six international reference rocks, in 
which the REE were preconcentrated by double 
calcium oxalate and hydrous ferric oxide co- 
precipitation for all six and by ion-exchange for four 
of them, are in reasonably good agreement with those 
obtained by the author by direct-aspiration flame 
AAS.‘,9.‘3,‘4 There is also satisfactory agreement with 
the author’s graphite-furnace AAS and emission 

spectrographic values,9,‘0,‘4 and the “usable values” 
reported in compilations of data by Abbey’,’ (the 
value with a question mark indicates uncertainty 
about the “usable value” because it represents the 
median of only 5-9 available results’) and the “mean 
values & standard deviations” reported in com- 
pilations of data by Gladney et uZ.‘~,‘~ Where 
sufficient values are not available in such com- 

pilations, other published values’7-‘9 are included for 
comparison purposes. 

The results obtained by the proposed method for 
the Canadian iron formation reference materials 
either compare well with the “usable value?” reported 
in a recent compilation of data by Abbey et al.*’ or 
fall within the range of other values (Table 4). Values 
for neodymium (except FeR-2), erbium and thulium 
have not hitherto been reported. 

Although the results obtained by the two separation 
methods are in good agreement with each other and 

with published values, the ion-exchange method is 
somewhat the faster. The proposed method is also 
applicable to the determination of large amounts of 
lanthanum and samarium in some rocks rich in 
rare-earths. It is considerably quicker than methods 
based on direct aspiration of the sample solution, 
particularly for ultramafic and other common rocks 
containing trace rare-earths, because of the saving of 
time in preconcentration of REE from a relatively 
small sample. It has been applied to the routine 
determination of the specified REE in shales and 
mafic dykes. 

The use of the microsampling technique has re- 
sulted in significant saving of time and simplification 
of the sample dissolution and preconcentration pro- 
cedures for the determination of traces of rare-earths 
in ultramafic and many common rocks and rock- 
forming minerals. The results are in reasonably good 
agreement with those of direct flame aspiration and 
graphite-furnace AAS methods which require a much 
longer time for such determinations. 
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DETERMINATION OF CERIUM IN SILICATE 
ROCKS BY ELECTROTHERMAL ATOMIZATION IN A 

FURNACE LINED WITH TANTALUM FOIL 

APPLICATION TO 19 INTERNATIONAL GEOLOGICAL 
REFERENCE MATERIALS 

J. G. SEN GUPTA 
Geological Survey of Canada, Ottawa, Ontario, Canada 

(Received 8 December 1983. Revised 26 May 1984. Accepted 22 June 1984) 

Summary-A 40-fold increase in sensitivity obtained by using a tantalum foil lining in a pyrolytically- 
coated graphite furnace permitted determination of low ppm levels of cerium in most silicate rocks. A 
preliminary preconcentration by oxalate and hydroxide co-precipitations was used before determination 
by use of a Varian GTA-95 atomizer coupled with an AA-475 spectrometer. The results for 3 synthetic 
and 19 international reference materials, including 4 new Canadian iron-formation reference materials, 
showed good recovery and satisfactory agreement with other published values. 

The determination of cerium by atomic-absorption 
spectrometry has always been a baffling problem 
because of the low sensitivity for the element, whether 
a flame or a graphite furnace is used. Attempts to 
determine this element by use of an oxy-acetylene’ or 
nitrous oxide-acetylene flame’ were not successful. 
The detection limit of 150 ppm of Ce obtained by 
Thomas3 by use of a fuel-rich N@-C2H, flame is of 
hardly any use in rock analysis. This poor detection 
limit was attributed to the complexity of the low- 
intensity cerium spectra, more than 60% ionization of 
the cerium atoms, and the tendency to form CeO 
molecules in the gas phase.3 When the graphite 
furnace is used, there is difficulty in volatilizing 
cerium because of the formation of its carbide or an 
interlayer compound with graphite. Although L’vov 
and Pelieva4 noted a significant increase in sensitivity 
for most rare-earth elements when a graphite furnace 
lined with tantalum foil was used, cerium was not 
included in that study. In a subsequent publication5 
these authors reported a detection limit of 3-5 ng for 
cerium by use of the furnace lined with tantalum foil, 
after evaporation of the cerium and excess of lan- 
thanum from a tungsten probe. Although mention 
was made of the application of a tungsten probe 
soaked in a solution of iron, in the determination of 
0.054.23% cerium in some low-alloy steels, no data 
were reported. No other information is available on 
the application of a tungsten probe or simply a 
tantalum-foil lined furnace to the determination of 
cerium in geological materials. 

After our acquisition of a Varian graphite-tube 
atomizer (GTA-95) and a Westinghouse hollow- 
cathode cerium lamp, it was possible to test the 

Crown Copyrights reserved. 

sensitivity for cerium by electrothermal atomization. 
With use of an argon gas purifier and a tantalum foil 
lining to the furnace, an average sensitivity of 
5 ng was obtained at 567.0 nm and a temperature of 
2600”. In concurrence with the observation of L’vov 
and Pelieva,’ the 567.0 nm line was found to be 
slightly more sensitive than the 520.1 nm line and 
relatively free from incandescence effects from the 
furnace at 2600”. However, addition of lanthanum 
(2.5 p(p) to enhance the cerium signal and linearize the 
calibration, as done by L’vov and Pelieva,’ compli- 
cated the problem of determination of very small 
amounts of cerium, because the lanthanum gave 
significant absorption at 567.0 nm. Therefore, all 
determinations were done without addition of lan- 
thanum. 

The method developed was tested with synthetic 
solutions and a number of international reference 
samples of established cerium contents, and applied 
to the determination of cerium in four new Canadian 
iron-formation reference materials. 

EXPERIMENTAL 

Apparatus and operating parameters 

A Varian graphite-tube atomizer (GTA-95) equipped 
with a programmable sample dispenser and memory storage 
for 8 operating-parameter programmes, and coupled with a 
Varian AA-475 spectrometer fitted with IEEE commu- 
nication, was used for all atomic-absorption studies. Other 
accessories included an Epson MX-82 Type III printer with 
IEEE interface, pyrolytically-coated tubes, tantalum foil 
(99.95% pure, 0.05 mm thick, A.D. Mackay, Darien, Conn., 
U.S.A.), argon gas (99.999% pure) connected through a gas 
purifier (Matheson, Model 6406), and a Radiometer 22 
pH-Meter. 

The AA-475 spectrometer was operated on single beam 
with restricted 0.5-nm bandpass, in the peak-height mode; 
a I-set integration-time was used in setting zero absorbance 
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Table 1. Operating parameters of GTA-95 with Ta-foil Table 2. Auto sample dispenser parameters for tantalum- 
lined furnace (5-20 ~1 sample solution) foil lined furnace 

Step 
Temperature, 

“C 
Time, 

set 

Argon 
gas flow, 

I./min Read 

Samples and standards 
Blank* 

Volume, volume, 

Type Location ul N 

Blank 20 
STD 1 46 5 15 
STD 2 46 10 10 
STD 3 46 15 5 
STD 4 46 20 0 

Samples 20 0 

*O. 1 M nitric acid. 

75 
90 

120 
850 

1800 
1800 
2600 
2600 
2600 

15 
60 
60 
10 
10 
2 
1.3 
2 

3 
3 
3 
3 
3 
0 
0 * 
0 * 
3 

on the instrument. A Westinghouse cerium hollow-cathode 
lamp was used, operated at 10 mA. The signal, at 567.0 nm, 
was maximized in the usual way. Other operating parame- 
ters are given in Tables I and 2. 

Preparation of furnace lined with tantalum foil 

A 2-mm hole was drilled in a 12 x 14 mm piece of 
tantalum foil (Fig. 1). The foil was wrapped on a 4-mm glass 
rod as a former (short side parallel to the rod) and the tube 
thus made was inserted into the centre of a new 
pyrolytically-coated graphite tube (PCGT) so that the holes 
in both tubes coincided. A metal rod (3 mm diameter) was 
inserted into the tube, and firmly rolled inside it (on the 
bench top) to attach the tantalum foil smoothly to the inner 
lining of the graphite tube, over the “hump” at the centre 
of the tube. This was the only way found for fitting the liner 
so that no blockage of the light-path was caused by dis- 
tortion of the foil on heating. A further step to prevent 
distortion (and embrittlement of the foil) was a careful 
annealing. For this, the tantalum-lined graphite tube was 
placed in the GTA-95, and before first use, it was heated in 
a current of argon according to the following programme. 
The tube was brought to 1000” in 10 set, held at that 
temperature for 10 set, and then cooled down in 16 sec. This 

+-----_ ___, 2mm -_-_- --+ 

Fig. 1. Shape and dimensions of the tantalum foil. 

operation was repeated for temperatures of 1500“ and 
2000”, followed by a blank run according to the heating 
programme in Table 1. 

Sensitivity 

The characteristic amounts found for cerium (i.e., weight 
producing 1% absorption) are given in Table 3. The memory 
effect after atomization from the tantalum surface at 2600 
for 4.3 set was negligible. Although atomization at 2700 
gave a further increase in sensitivity, there was more rapid 
deterioration of the liner so 2600” is recommended as the 
maximum temperature to be used. 

Reagents 

Stock solution of cerium (_ 1000 ppm). Prepared by 
dissolving an accurately weighed quantity of CeO, (99.999% 
pure, Spex Industries Inc.) in hot dilute nitric acid with the 
addition of few drops of 30% hydrogen peroxide. The 
solution was evaporated to dryness on a steam-bath, and the 
salts were dissolved in 1 M nitric acid and diluted to known 
volume with the same acid. A 5-ml aliquot was evaporated 
in a lo-ml weighed platinum crucible on a steam-bath, the 
nitrate was decomposed by gentle heating with a Bunsen 
burner, and finally the crucible and contents were ignited to 
constant weight at 1000” to determine the CeO, content. 
Solutions of lower concentration (100 or 10 ppm) were 
prepared by appropriate dilution with O.lM nitric acid. 

Stock solutions of other rare-earth elements. Prepared by 
dissolving the high-purity oxides (Spex Industries Inc.) in 
dilute nitric acid, and standardized as for the cerium solu- 
tion. 

Synthetic standard mixtures. Synthetic standard mixtures 
approximating the compositions (except for the common 
elements) of three international reference samples 
[GA (granite), SY-2 (syenite) and Sy-3 (syenite)] were 
prepared by mixing the standard solutions in appropriate 
amounts (see Table 4). 

Interferences 

In order to determine cerium in rocks it was necessary to 
separate the rare earths from common elements. Although 
no interference from the associated rare earths from com- 
mon rocks was noticed, addition of 2.5 peg of lanthanum (as 
recommended’ for enhancing the cerium signal) was found 

Table 3. Sensitivities for cerium in pyrolytically-coated and tantalum-foil 
lined furnace (GTA-95) 

Sensitivity* 

Atomization Pyrolytically- Ta-foil lined Sensitivity 
temperature, coated graphite furnace enhancement 

‘C tube (PCGT) (TaF) factor (PCGT/TaF) 

2500 3 x 10-7 10 X 10-q 30 
2600 2 x 10-7 5 x 10-q 40 

*Defined as the weight of the element in g which produces a change, 
compared to pure solvent or blank, of 0.0044 absorbance unit. 
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Table 4. Concentrations of SC, Y, Th and the rare-earth 
elements in synthetic mixtures of GA, SY-2 and SY-3 (in 

ppm)* 

GA SY-2 
(Granite) (Syenite) 

SC 
Y 
La 
Ce 
Pr 
Nd 
Sm 
Eli 
Gd 
Tb 

DY 
Ho 
Er 

Tm 
Yb 
LU 
Th 

7 7 
17 120 
38 88 
70 210 

7 16 
20 75 

5.2 17 
0.83 2.3 
3 11 
0.5 2.7 
2.1 21 
0.5 7 
1.5 13 
0.21 2.5 
1.4 16 
0.3 3 

17.6 370 

SY-3 
(Syenite) 

II 
600 

1250 
2000 

125 
700 
108 

14 
53 
15 

118 
22 
52 
10.5 
55 

8 
980 

*These values were derived from the author’s own published 
and unpublished works as well as those found in the 
literature. 

to increase the signal at 567.0 nm because of absorption by 
the lanthanum. Since this complicated the problem of 
determination of very small amounts of cerium (0.1-0.6 pg) 
because of uncertainty as to the cerium contribution to the 
total absorbance value, no additional lanthanum was added 
in this work. The La:Ce ratio in most rocks is about 1:2, but 
it was found that lanthanum could be tolerated up to a ratio 
to cerium of 1: 1. No interferences were noticed from the 
presence of relatively large amounts of iron (up to 500 ppm). 
Therefore, rare earth concentrates obtained by double ox- 
alate co-precipitation with calcium, followed by a hydroxide 
co-precipitation with iron,“* were found to be suitable for 

the electrothermal atomic-absorption determination of ce- 
rium. 

Recommended procedure 

Decompose a 3-g sample and separate the lanthanides 
from the common elements by double co-precipitation with 
calcium oxalate and then from excess of calcium by single 
co-precipitation as hydroxide with 5 mg of iron, as described 
earlier.“s Destroy the filter paper by heating with concen- 
trated nitric acid and 30% hydrogen peroxide and evapo- 
rating to dryness on the steam-bath, then dissolve the salts 
in 0.1 M nitric acid and, depending on the concentration of 
cerium expected, dilute the solution to exactly 5 or 10 ml 
with the same acid. For solutions containing higher 
amounts of cerium (e.g., for samples of SY-3 type) dilute 
further with 0.1 M nitric acid to bring the cerium concen- 
tration within the range LO-30 ppm. Store all sample 
solutions in glass vials tightly closed with screw-caps. Using 
the operating parameters mentioned earlier and those in 
Tables I and 2, prepare the calibration graph by atom- 
ization of 0.1-0.6 pg of cerium in the furnace lined with 
tantalum foil. Use up to 5 x scale-expansion, and take the 
average reading from two atomizations. 

RESULTS AND DISCUSSION 

The results for 3 synthetic solutions and 19 inter- 
national reference rocks are given in Table 5 and 
compared with the expected or published values. 
Quantitative recoveries were obtained for the syn- 
thetic solutions and the results for the reference 
samples either agreed with the recommended values 
or fell within the mid-range of other values. 

The condition of the tantalum-foil liner was 
checked by running a standard after every five sam- 
ples, and if necessary a correction was applied to the 
adjacent sample. The tantalum foil was changed after 

Table 5. Determination of cerium in synthetic solutions and international geological reference samples by electrothermal 
atomization in a tantalum-foil lined furnace 

Synthetic or 
reference samule 

Ce, ppm 
Ce, ppm 

Found Other Reference 
Taken (this work) values sample This work Other values 

Synthetic GA 70 69 
Synthetic SY-2 210 200 
Synthetic SY-3 2000 1900 

Canadian 
Syenite SY-2 
Syenite SY-3 
Iron formation FeR-I 
Iron formation FeR-2 
Iron formation FeR-3 
Iron formation FeR-4 

210 210?” Nephehne STM- 1 
2162 2200” syenite 

24 II, 21.38b Cody shale SCo-1 
26 11-32.12b Rhyolite RGM-1 

8 Sb Diabase w-2 
19 7.33-14.48b Diabase DNC- 1 

CRPG (France) 
Granite MA-N 
Anorthosite AN-G 
Basalt BE-N 

South African 
Granite NIM-G 
Tuff NIM-35/71 
Red Syenite NIM-37/71 

9 10’ 
8 4.7’ 

196 1 10-247d 

200 200” 
2500 25W, 2650f 

890 926’, 700’, 8808 

U.S.G.S. 
Basalt BCR-I 
Basalt BHVO- I 
(Hawaiian) 

59 
49 

251 

69 
47 
26 
15 

53a 
49”, 41 f 4h, 46 f 3’ 

258’, (22&354)h 
260” 

66’, 62 & 8 
49’, 48?” 

26, 26 f 3’ 
l5j, 15 f4” 

“Abbey,g bAbbey; lo ‘Govindaraju’s proposed value;” dGovindaraju; ii ‘Sen Gupta (optical-emission spectroscopic value on 
the concentration);‘* fBrenner et al.; I3 *direct-reader optical-emission spectroscopic value without preconcentration;“’ 
hGladney and Goode;i5 ‘Church;16 jSen Gupta (optical-emission spectroscopic value on the concentrate);’ %ladney and 
Burns.” 
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about 30 firings. The drying temperatures given in 5. Idem, Zh. Analit. Khim., 1919.34. 1744; J. Anal. Chem. 
Table 1 were-found adequate for up to 20 ~1 of U.S.S.R., 1980, 34, 1354. 

sample solution. Larger volumes required either a 6. J. G. Sen Gupta, Talanta, 1916, 23, 343. 

longer drying time or multiple injections (of not more 7. 8. Idem, ibid., Anal. 1981, Chim. 28, 31. Idem, Acta, 1982, 138, 295. 
than 20 ~1 each) with drying after each injection. The 9. S. Abbey, Geol. Swv. Can. Paper, 1983, 83-l 5. 
pyrolytically-coated tube was replaced after about 60 Jo. Idem, ibid., 1983, 83-19. _ 
firings. 11. K. Govindaraju, Geosfds. New& 1980, 4, 49 

12. J. G. Sen Gupta, ibid., 1982, 6, 241. 
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Rbum&Le dosage des mitaux Cd, Pb et Cu dans I’estuaire et en Baie de Seine a ttC effectuk. Le site 
a CtC choisi en raison du rCgime macrotidal fortement marquk qui r&t les d&placements des masses d’eau. 
Une r&partition des mttaux en trois classes est proposte (m&al libre, mktal engagC dans des complexes 
ditruits par abaissement du pH, mktal engagC dans des complexes stables dttruits par irradiation 
ultraviolette en milieu acide). Les propriCk% particulikres du cuivre ont it& utilisies afin d’btablir une 
capacitk complexante apparente des diffkrentes eaux ktudikes. En faisant I’hypothkse simplificatrice de 
l’existence d’un tquilibre du type (charges omises) 

cu + LZ$CuL 

(L symbolisant le ligande), les concentrations totales du ligande ainsi que les constantes de stabilitk des 
complexes CuL ont ttC dttermirkes. Les rtsultats obtenus sont discutts. 

Notre attention s’est port&e, dans ce travail, sur le 

comportement du cadmium, du plomb et surtout du 
cuivre dissous dans les eaux de l’estuaire de la Seine, 
afin de contribuer g une meilleure connaissance des 
modes de transport et du devenir des mCtaux lourds 
au sortir d’un fleuve dkbouchant dans une mer sou- 
mise A un regime macrotidal. Peu de mers, A l’khelle 
planktaire, posldent des amplitudes et des circu- 
lations de make aussi importantes. 

-m&al engagC dans des “complexes stables” dt- 
truits par irradiation ultraviolette en milieu acide. 

Un tel classement met bien en Cvidence le relargage 
des mCtaux lors du mklange des eaux deuces et sakes. 

La rkpartition du mCta1 entre ses diffkrentes formes 
solubles influence non seulement la biodisponibiliti: 
de ce metal, mais joue Cgalement un r61e important 
dam son devenir en raison de l’existence de com- 
plexes qui peuvent induire des phknomknes de co- 
prkcipitation, des retards g la prkcipitation . . . etc., et 
entrainer ainsi des modifications des temps de rCsi- 

dence. 

Dans un second temps, nous nous sommes inttr- 
es& 8 la capacitt complexante apparente des eaux 
Ctudikes. Le mCta1, retenu pour cette Ctude, a Ctt le 
cuivre en raison de sa facultk de former g&ralement 
des complexes avec la quasi-totalitk des ligandes 
organiques prksents dans les eaux naturelles, plus sta- 
bles que ceux form& par les autres mCtaux CtudiCs. 
La mkthode employ&e de dttermination de la capacitk 
complexante apparente des eaux de l’estuaire de la 
Seine est d&i&e de celles propokes dans la lit- 
tkrature.14 

I1 nous a done paru judicieux d’ktablir un class- 
ement des divers complexes dans lesquels sont en- 
gag&s les mktaux ktudiks. Dans 1’Ctat actuel des 
connaissances des processus qui permettent au milieu 
marin de conserver son bquilibre, il est illusoire de 
prktendre ktablir un classement rigoureux rendant 
compte de tous les phknomknes. C’est la raison pour 
laquelle notre choix s’est porti: sur une mkthode 
simple qui a de plus l’avantage de limiter les risques 
de pollution accidentelle.’ C’est ainsi que nous avons, 
par la technique de redissolution anodique en mode 
impulsionnel diffkrentiel, effectuk les analyses des 
mCtaux cadmium, plomb et cuivre dans les diffkrents 
itchantillons au pH nature& puis en milieu acide avant 
et aprks irradiation ultraviolette. Nous pouvons ainsi 
proposer un classement du type: 

PARTIE EXPERIMENTALE 

Quatre sites de prklivements ont ktk choisis en Seine et 
dam l’estuaire de la Seine: Saint-Aubin (en amont de la ville 
de Rouen), Quilleboeuf, Honfleur et au Cap de la Hive 
(Figure 1). Tous les prtltvements ont &C effect&s en sep- 
tembre 1982 B 1 m au-dessous de la surface. Les kchantillons 
ont ktt filtrks sur membrane Sartorius de porositt 0,45 pm. 
La conservation a & assurke par acidification a I’aide 
d’acide nitrique (pH _ I ,0) et par congklation pour les eaux 
non acidifikes. Tous les rkipients utilisks sent en poly- 
tthykne haute densitk et ont ttC conditionnks avant util- 
isation. 

Les mttaux cadmium, plomb et cuivre ont ktt do&s par 
redissolution anodique en mode impulsionnel diffkrentiel 
(technique analytique parmi les plus sensibles5.6) B I’aide de 
I’ensemble (Tacussel) suivant: unit&. polarographique UAP 
4, potentiostat PRT 20.2X, unit& Polaromax, tlectrode 
toumante ED1 CVJ d disque de carbone vitreux (le film de 
mercure est form6 in situ: addition de nitrate mercurique 
pr&parC par attaque de mercure mktallique), cellule de 
mesure Ctanche en quartz. -m&al “libre” 

-mCtal engagk dans des complexes dktruits par Toutes les manipulations sont efkctutes sous une hotte g 
abaissement du pH flux laminaire. 
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Fig. 1. Sites de prelevements. 0: Cap de la Hhe 
0: Honfleur 0: Quilleboeuf @: Saint-Aubin *: limite 

amont de I’intrusion saline. 

L’irradiation ultraviolette des ichantillons a Cti effect&e 
a l’aide dun appareillage construit au laboratoire selon le 
modtle decrit par Gillain.’ Cet appareillage comporte une 
serie de tubes de quartz horizontaux entoures de lampes 
ultraviolettes (lampes Philips, 15 W puissance maximum 
entre 2482 et 2753 A). Les tubes de quartz, contenant 
l’echantillon (l/3 du volume du tube), sent soumis a une 
lente rotation afin d’augmenter le rendement de l’irradiation 
(formation d’un film de liquide sur les parois du tube). La 
duke d’exposition est de 12 hr. Une addition de peroxyde 
d’hydrogene Norrnapur Prolabo est effect&e avant irra- 
diation (0,025 ml pour 50 ml d’echantillon). 

Pour la preparation des tchantillons destines 21 l’btude de 
la capacite complexante, nous avons respect6 la methode 
suivante: 

-additions de cuivre en quantite connue et croissante 
dans differrents tchantillons (gineralement 10) provenant 
d’un m&me site le plus rapidement possible apres le pre- 
ltvement et la filtration; 

*ongelation dans l’attente de I’analyse; 
-&congelation programmee avant l’analyse, afin de 

laisser aux ichantillons le mime temps de mise a l’equilibre; 
chaque echantillon a ainsi et& analyst: 24 hr apres la 
d&congelation. 

RESULTATS ET DISCUSSION 

Parmi les diverses methodes de classement des 
mttaux en leurs differentes formes solubles d&rites 
dans la littCrature,7~8 nous avons retenu celle qui 
necessite le moins de manipulations de I’tchantillon 
et le moins d’additions de reactifs afin de minimiser 
les risques de pollution.’ Cette technique de speci- 
ation consiste a doser les metaux Cd, Pb et Cu 
contenus dans la colonne d’eau (echantillons filtres 
sur membrane 0,45 pm) au pH nature1 puis en milieu 
acide avant et aprts irradiation ultraviolette 
(I’acidification des Cchantillons est faite sur les lieux 
du prelkement). 

Nous avons reporte dans le Tableau 1 les resultats 
d’analyse, par redissolution anodique en mode im- 
pulsionnel differentiel, des mttaux Cd, Pb et Cu pour 
les differents sites de prelevement. La colonne I 
represente la concentration en metal dit libre. 
c’est-a-dire directement accessible par la methode de 
dosage. 11 est clair que cette concentration depend de 
la technique analytique choisie et dans notre cas 
particulier, elle depend egalement de la valeur du 
potentiel applique a l’electrode indicatrice pendant la 
phase de depot (- 1,2 V par rapport a I’electrode au 
calomel pour le dosage du plomb et du cadmium et 

-0,8 V pour le dosage du cuivre). La repartition que 
l’on pourra dtduire par la suite ne pourra done itre 
qu’arbitraire. On peut noter que pour les sites de 
Saint-Aubin, de Quilleboeuf et de Honfleur, aucun 
pit de redissolution n’a pu etre detecti: au pH naturel, 
c’est-a-dire qu’aucun complexe metallique n’a ete 
detruit pendant la phase de depot. Nous avons la un 
premier indice du caractere complexant marque de 
ces eaux naturelles. La colonne II donne les valeurs 
des concentrations metalliques obtenues en milieu 
acide (acide nitrique, pH _ l,O). La difference entre 

ces deux colonnes permet d’obtenir la quantite de 
metal engage dans des complexes detruits par un 
abaissement du pH. Pour les sites de Saint-Aubin et 
de Quilleboeuf, les dosages manquent de re- 
productibilite. L’accroissement des teneurs metalli- 
ques peut &tre dii: 

-a la dissolution d’oxydes (comme MnO,) ou 
d’hydroxydes (surtout ceux de fer), composes jouant 
un role important dans le transport des mttaux en 
raison de leur forte capacite d’adsorption; 

-a la d&sorption de colloides d’origine minerale 
ou organique; 

-a la protonation de certains complexes or- 
ganiques. 

La colonne III donne les teneurs metalliques apres 
irradiation ultraviolette en milieu acide. Nous obser- 
vons une nouvelle augmentation des concentrations 
des differents metaux, augmentation imputable a la 
destruction par l’irradiation ultraviolette de formes 
non Clectroactives essentiellement d’origine or- 
ganique. Les teneurs metalliques figurant dans cette 
derniere colonne sont considerees comme representa- 
tives de la concentration totale des differents metaux.’ 

Nous avons reporte sur la Figure 2 la repartition du 
cadmium, du plomb et du cuivre dans les trois classes: 

-metal “libre”; 
-metal engage dans des complexes detruits par 

abaissement du pH (origine minerale essen- 

tiellement); 
-metal engage dans des complexes detruits par 

irradiation ultraviolette en milieu acide (prin- 
cipalement d’origine organique). 

Ce classement, bien que dependant de la technique 
analytique utilisee, montre bien le relargage des 
metaux d’amont en aval. Pour les sites de Saint- 
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Aubin et de Quiileboeuf, la distinction des differents 
groupes n’a pu Ctre realiste en raison du caracthe trbs 
complexant des eaux. C’est la raison pour laquelle 
nous avons, pour ces deux sites, regroupe les deux 

classes: 

-metal engage dans des complexes detruits par 

acidification; 
-metal engage dans des complexes detruits par 

irradiation en milieu acide. 

Ces resultats nous ont conduit a Ctudier l’evolution 
de la capacite complexante apparente des eaux le long 
de l’estuaire de la Seine (la limite amont de l’intrusion 
saline est sit&e bien au-deld du site de Quilleboeuf), 
et a nous interesser plus particulitrement a la derniere 
classe de complexes: les complexes metalliques de- 
truits par irradiation en milieu acide. En effet, ces 
derniers sont directement lies a la quantite des com- 
plexants organiques dissous, principaux responsables 
du pouvoir complexant des eaux naturelles. Pour 
effectuer cette etude, nous avons, comme de nom- 
breux auteurs, utilise le cuivre qui a la propriite de 
former des complexes stables avec la plupart des 
ligandes organiques.” Nous avons done considere 
l’equilibre Cu + L+CuL, od L symbolise le ligande 
organique susceptible de former le complexe CuL 
“stable”. Les charges ont et& omises pour plus de 
clartt. La concentration du cuivre “libre” supposee 
accessible par la technique analytique utilisee (redis- 
solution anodique en mode impulsionnel differentiel) 
a CtC suivie lors d’ajouts connus de cuivre a differents 
Cchantillons provenant d’un meme site de pre- 
levement. Le cuivre ajoute a ete laisse en contact 24 
hr avec la solution afin de permettre aux equilibres de 
s’etablir (voir partie experimentale). Nous avons re- 
Porte sur la Figure 3 les courbes obtenues en tracant 
concentration de cuivre trouvee en fonction de la 
concentration ajoutee de cuivre, pour les differents 
sites de prelevement. Toutes les courbes tendent vers 
une asymptote (droite dont la pente est &gale a 
l’unitedroite en pointilles sur la figure). Nous avons 
determine les points d’intersection des differentes 
asymptotes avec I’axe des abscisses par la mithode 

d&rite par Plavsic et al.” En posant K = [CuL]/ 
[Cu][L], (Cu), = concentration totale en cuivre, 
c’est-a-dire concentration initiale + concentration 
ajoutee, et (L)T = concentration totale en ligande, on 
montre que: 

w 04 1 =-+- 
Wuh - Ku1 (LIT K(L), 

Nous avons report& sur la Figure 4, les courbes 
obtenues en tracant: 

[Cul 
(Cu), - [Cu] =fD1 

Nous obtenons des droites dont la pente permet de 
determiner (L), et l’ordonnte a l’origine le produit 
K(L),. Cette mtthode permet done egalement de 
determiner les constantes de stabilite K. Les concen- 
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Tableau 2. Concentrations en ligande et constantes de stabilitt du 
complexe du cuivre pour les differents sites etudies. R = coefficient de 

correlation 

(L),, 10-7M K K(L), R 

Cap de la Htve 1,8*0,2 (5,5 * 0,2). IO7 9,9 0,96 
Honfeur 3,8 f 0,4 (5,9 + 0,6). IO7 22,4 0.95 
Quilleboeuf 3,4 * 0,3 (l2,7 k 2,7). IO’ 43,2 0,97 
Saint Aubin 3,? + 0,2 (3,8 + l,3). IO’ 140,6 0,80 
Manche Orientale 176 3,2.10’ 5,l 0,98 
Mer Adriatique” I,5 6,4. IO’ 9,6 - 
Lac Huron4 2,O 1,6. IO9 320 0,70 
Onaping river4 3.8 4,0.10* 152 0,95 

A 

B 

~ 

..... ....... ....... ....... ....... ....... ....... ....... ....... ..... ...... ....... 

Cd Pb 

Fig. 2. Repartition des metaux Cd, Pb et Cu dans les sites 
de preltvements: A: Cap de la H&e; B: Honfleur; C: 
Quilleboeuf et Saint-Aubin. q Metal engage dans des 
complexes non diffirenciables dttruits par abaissement du 
pH et par irradiation ultraviolette. q Metal engage dans des 
complexes detruits par irradiation ultraviolette en milieu 
acide. m Metal engage dans des complexes detruits par 

abaissement du pH. Metal libre. 

trations des ligandes et les diffkrentes constantes ainsi 

dCterminCes sont report&es dans le Tableau 2. 11 faut 
noter que les valeurs des coefficients de correlation 
relatifs aux droites obtenues confirment la validite de 
l’approximation faite quant a la formation dun 
complexe 1: 1 du type CuL. 

Les valeurs des concentrations totales de ligande 
(L)r trouvees permettent de tracer les asymptotes aux 
courbes de la Figure 2. Ce sont ces valeurs que 
retiennent certains auteurs comme estimation de la 
capacite complexante des eaux naturelles.3 Pour notre 
part, nous avons prefer5 utiliser un autre critere. En 
effet, l’examen des valeurs de (L)r semblerait montrer 
que les eaux du site de Honfleur sont, des eaux 

etudiees, les plus complexantes, ce qui est en des- 
accord avec les resultats obtenus lors de notre 

Cbauche de “speciation” (Tableau 1 et Figure 2). 
Nous avons prefer& utiliser a la fois la concentration 
du ligande et la valeur de la constante de stabilitt du 
complexe correspondant. Nous avons done reporte 
dans le Tableau 2 les valeurs du produit K(L), . Nous 
obtenons ainsi un classement des capacites complex- 
antes apparentes en accord avec nos resultats de 
speciation. Dans les sites Ctudies, en general la con- 
centration initiale en cuivre est petite devant la 
concentration totale en ligande, ce qui entraine: 

Le produit K(L), nous renseigne done directement, 
dans la plupart des cas, sur la valeur du rapport: 
metal complexC/mital libre. 

Nous avons reporte Cgalement dans le Tableau 2 
les valeurs, concernant d’autres sites, calculees a 
partir de resultats releves dans la bibliographie.” Les 
concentrations de ligande et les constantes de stabilite 
relatives aux sites “Lac Huron” et “Onaping river” 
ont ete determinees par une methode basee sur 
l’adsorption des metaux par le dioxyde de man- 
ganese. 11 faut noter que les resultats obtenus ne 
semblent pas dependre de la methode utilisee, tout au 

2x10-7 4x10-7 
cu,, I Ml 

Fig. 3. Courbes obtenues en tracant: Cu trouve en fonction 
de Cu ajoute (indices des courbes: voir legende de la figure 
1) la droite en pointillts correspond a la droite de pente &gale 

a I’unite. Determination des asymptotes: voir texte. 
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0,5x10-’ 10-T 
cu (4-f) 

Fig. 4. Representation de la fonction [Cu]/{(Cu), - Cu} = 
f[Cu] permettant de determiner la concentration totale du 
ligand (L)r et la constante de stabilitt (K) du complexe 
correspondant (indices des courbes voir ltgende de la 

Figure 1). 

moins en ce qui concerne les eaux de riviQre “Onaping 
river” et “Saint Aubin”. Pour ces derniers sites les 
capacitCs complexantes sont tout a fait cornparables. 

CONCLUSION 

L’ttude du comportement des metaux Cd, Pb et Cu 
dans la colonne d’eau de l’estuaire de la Seine a ete 
effect&e par redissolution anodique en mode im- 
pulsionnel differentiel. Les difftrentes formes metalli- 
ques solubles ont pu ttre class&es en trois groupes: 
metal libre et metal engage dans des complexes 
detruits en milieu acide avec ou sans irradiation 

ultraviolette. La repartition obtenue le long de 
l’estuaire montre que dans la determination de la 
capacite complexante apparente des eaux ttudites, on 
ne peut se limiter a la seule determination de la 
concentration totale du ligande comme l’ont precon- 
is6 certains auteurs. 11 est ntcessaire de tenir compte 
de la valeur de la constante de stabilitC du complexe 
form& Nous proposons done d’utiliser le produit de 
la concentration du ligande par la constante de 
stabilite du complexe comme grandeur definissant la 
capacitt complexante apparente. 

Nous nous proposons, dans un prochain travail, 
d’etudier l’influence des particules en suspension sur 
le pouvoir complexant des eaux naturelles. 
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Summary-Analyses for the metals Cd, Pd and Cu in the estuary and bay of the Seine have been made. 
The site was chosen because of the very high tides, which produce considerable water displacement. For 
the purpose of analysis the metals have been divided into three categories: free metals, metals forming 
complexes that are unstable at low pH, and metals forming stable complexes that are destroyed in an acidic 
medium by ultraviolet radiation. The special properties of copper have been used to establish a 
“complexing capacity” of the different water samples studied. By making the simple hypothesis of the 
existence of an equilibrium of the type Cu + LsCuL, where L represents the ligand, the total ligand 
concentration, as well as the stability constants of the CuL complexes, has been determined. These results 
are presented and discussed. 
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Summary-An isotope-dilution thermal-ionization mass-spectrometric procedure has been developed for 
the accurate and precise determination of sulphur in steels and organic-based materials. The sample and 
isotopically enriched sulphur spike are dissolved in a sealed tube to prevent loss of sulphur and the sulphur 
isotopes are measured as ASS+ ions, with silica gel as an emitter. This technique has been applied to the 
determination of sulphur in 13 NBS Standard Reference Materials ranging in concentration from 0.03 
to 5% S. The relative uncertainty for a single determination is typically 0.5% (95% confidence interval) 
and arises primarily from the uncertainty in the spike calibration and from sample inhomogeneity. 

The precise and accurate determination of the total 
sulphur (S) content in some materials is of great 
importance. The S content in coal is important 
because many states have laws which forbid the 
burning of coal which has more than a certain S 
content, typically 1%. The S concentrations in the 
SRM coals reported here cover the range typical of 
coals used in industry and power generation. The S 
content of fly-ash is important for the measurement 
and control of particulate S emissions. The S content 
of plants can reflect their exposure to atmospheric 
SO,.‘-3 The determinations of S in the diverse materi- 
als in this study provide the S standards needed for 
calibration of automated S analysers and provide 
quality assurance for these important environmental 
measurements. 

We have recently reported on a new procedure for 
the determination of S at concentrations below 0.01% 
in copper and iron-based materials.4 In this pro- 
cedure 34S enriched tracer is added to a sample and 
all the S is oxidized to sulphate in a closed system. 
Subsequently, the sulphate is reduced to H,S and the 
sulphur precipitated as As,S,. A small portion of an 
ammoniacal solution of this compound, equivalent to 
1.5 pg of S, is added to a flat rhenium filament coated 
with silica gel, used as an emitter. The S isotopes are 
measured as the ASS+ ions. We showed that the 
analytical blank of about 0.3 pg of S was the largest 
source of uncertainty in the determination of low S 
concentrations.4 In this study these techniques have 
been applied to materials of high S concentration. 

*Certain commercial equipment, instruments, or materials 
are identified in this report to specify adequately the 
experimental procedure. Such identification does not 
imply recommendation or endorsement by the National 
Bureau of Standards, nor does it imply that the materials 
or equipment identified are necessarily the best available 
for the purpose. 

The inherent high precision of thermal ionization 
makes this technique the method of choice for accu- 
rate and precise S determinations at high levels where 
the uncertainty due to the blank is negligible. The 
chemical procedure for isolating S is matrix- 
independent.4,5 Once the samples have been dissolved, 
they are all processed identically to obtain the A@, 
precipitate. In this paper we demonstrate the wide 
application of this technique by determining high S 
concentrations in such diverse materials as steels, 
coal, fly-ash, bovine liver, powdered milk and citrus 
leaves. 

EXPERIMENTAL 

Reagents 

NBS sub-boiling distilled nitric acid and hydrochloric 
acid were used to dissolve samples. The reducing solution 
consisted of ACS reagent grade hypophosphorous acid (61 
ml), hydriodic acid (125 ml) and hydrochloric acid (205 ml), 
as described by Thode et al.’ 

The “S-enriched spike in the form of elemental S was 
obtained from Mound Laboratory (Mosanto Research 
Corporation*). Standard solutions of known S concen- 
tration were prepared from high-purity anhydrous sodium 
sulphate and potassium sulphate. Aqueous ammonia solu- 
tion was prepared by bubbling high-purity ammonia into 
distilled water. An As(III) solution (1000 pg/ml) was pre- 
pared by dissolving NBS SRM 83c (As,O,) in aqueous 
ammonia solution. 

The silica gel used for the mass-spectrometric loading was 
premixed with phosphoric acid and this mixture was neu- 
tralized with aqueous ammonia solution. The details of the 
preparation of these reagents and solutions were reported 
earlier.4 

Apparatus 

All glassware and the modified Carius tubes were made 
of borosilicate glass. The reduction apparatus consisted of 
a lOO-ml flask fitted with a 15-cm water-cooled condenser, 
a 25-ml bubbler and a Pasteur pipette. The flask had a 
side-arm through which nitrogen was injected into the flask 
to sweep the H,S from the reducing solution in the flask, 
through the condenser, into the bubbler, and then into the 
centrifuge tube containing 1 ml of the As(II1) solution. 

1063 
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The sample-loading for mass spectrometry was performed 
with a 5-cm length of 0.76 mm bore intermedic tubing 
attached to a 21-gauge hypodermic needle fixed to a 
syringe. Flat filaments were fabricated from zone-refined 
rhenium. Samples were loaded in a small glove box in a dry 
nitrogen atmosphere. Isotopic ratio measurements were 
performed with a single-sector 12-in. radius mass spectro- 
meter of NBS design. Ion currents were measured with a 
Cary 401 MR vibrating-reed electrometer and a Faraday 
cup detector. 

Procedure 

The same chemical procedure was used for all samples 
and has been discussed in detail by Paulsen et uI.,~ Burke et 
al.’ and Paulsen and Kelly.4 A brief outline of the procedure 
is given below and any changes are noted. 

Preparation of spike. The ‘%-enriched spike in the form 
of elemental S was oxidized to sulphate in a sealed Carius 
tube. High-purity sodium carbonate was added to yield an 
Na/S atom ratio of 4. The spike was stored in 2M hydro- 
chloric acid. The S content of the spike was calibrated by 
comparison with gravimetrically prepared solutions of high- 
purity sodium and potassium sulphates. 

Spiking and dissolution of samples. Sample, spike and 
nitric and hydrochloric acids were added to a Carius tube. 
The typical sample size was 0.1-0.2 g for the organic 
samples. This sample size was used to conserve spike and 
minimize the internal pressure produced in the Carius tube 
from CO, and NO, formed during oxidation. Sample sizes 
for steels were about 0.5 g. Approximately 1 pg of 
%enriched spike was added for every 3 pg of S in the 
sample. 

The sealed Carius tubes were placed in closed steel shells 
with approximately 50 g of solid CO, to equalize the 
pressure. The organic samples were heated to 240” for 24 hr 
to ensure complete oxidation of organic matter and equi- 
libration of the S isotopes. In all cases clear solutions were 
obtained, except for the coal and fly-ash samples which 
contained residues. Small portions of these residues were 
analysed by spark-source mass-spectrometry and shown to 
be silicate material inherent in the samples. Steel samples 
were heated for I2 hr. The solutions were repeatedly heated 
with hydrochloric acid and evaporated to dryness under a 
nitrogen atmosphere to destroy nitrates. 

Reduction of sulphate to HJ and conversion into A& 
The dried samples were dissolved in 5 ml of hydrochloric 
acid and an aliquot equivalent to approximately 500 pg of 
total S was reduced in the reduction apparatus to H,S. The 
H,S was trapped in an ammoniacal As(II1) solution cooled 
in an ice-water bath, then precipitated as AS& by the 
addition of hydrochloric acid and the As,S, precipitate was 

Table I. Measured S isotopic ratios in high-purity reagents 
and NBS SRMs 

Sample %/% %/-‘?S 

Na$O, 22.598 0.1775 

K-SO, 22.775 0.1787 
Nbs ARMS 

133b (Cr-Mo Steel) 
891 (White Cast Iron) 
ll38a (Cast Steel) 
1549 (Powdered Milk) 
l577a (Bovine Liver) 
l577b (Bovine Liver) 
2682 (Coal) 
2683 (Coal) 
2684 (Coal) 
2685 (Coal) 
1635 (Coal) 
1633a (Coal Flv Ash) 

22.868 0.1787 
22.538 0.1771 
22.538 0.1778 
22.624 0.1779 
22.555 0.1776 

22.699 
22.364 
22.726 
22.546 
22.546 
22.641 

- 

0.1783 
0.1769 
0.1782 
0.1777 
0.1778 
0.1781 

1572 (Citrus Ldaves) 22.631 0.1781 

washed repeatedly with distilled water. The chemical yield 
of these steps is greater than 80°d.4 The As,& was dissolved 
in ammoniacal As(II1) solution to yield an S concentration 
of 100 pg/ml with an As/S atom ratio of 2. This solution was 
stored at - 16” and not used until at least 16 hr had elapsed. 

Mass spectrometry. A small portion of the solution 
prepared as just described, equivalent to 1.5 jog of total S, 
was added to an outgassed flat rhenium filament coated with 
* 100 pg of silica gel and phosphoric acid. The sample and 
silica gel were dried, heated to 700” for 5 set and immedi- 
ately loaded into the mass spectrometer. When a pressure of 
2 x IO-’ mmHg was obtained, the filament was heated to 
800” (time = 0). The temperature was increased by 50” each 
time at 5-min intervals until a temperature of 950” was 
obtained. After 30 min the )*S/“S ratio was measured at m/z 
107 and 109 for the ASS+ ions. The total ion current rose 
typically to 3-5 x IO-” A and then decayed. Three sets of 
5 ratios were obtained, with a l5-set integration time. The 
observed change in the ratio during data collection was less 
than 0.1%. Typical precision for 3 sets was 0.1% relative 
standard deviation (r.s.d.). 

Sulphur concentrations were calculated from the mea- 
sured ‘*S/“S ratios by using the equation: 

WK (As, - 4,R) x 1o4 

‘“=, @R-AA) 

where R is the measured ‘*S/“S ratio, A, and i3, are the )*S 
and “‘S abundances in the spike, A and E are the natural 
abundances of j2S and j4S in the sample, W is the amount 
of S spike (in pg) added to the sample, m is the sample 
weight (g), and K is the ratio of the atomic weight of natural 
S to the atomic weight of the S spike. 

Caution. Great care should be used in handling the 
pressurized tubes. The Carius tubes should be annealed at 
560” and checked for fire cracks before use. A small hole in 
the tube is potentially very dangerous. When a tube with a 
leak is used, the CO, in the closed steel shell will equilibrate 
with the atmosphere inside the tube. If this occurs, liquid 
CO, will be visible in the tube at room temperature when the 
tube is removed from the steel shell, and indicates that the 
internal pressure is at least 60 atm. Such tubes should be 
isolated and not handled until the liquid CO* phase has bled 
off, which may take several days. The most common cause 
of a leak is improper sealing of the neck of the tube after 
addition of the sample. After sealing, the Carius tube should 
be handled behind a blast shield. Before opening with a 
torch the tube should be cooled to 0” or below. 

Hypophosphorous acid and some metals can form an 
explosive mixture if taken near to dryness. The refluxing of 
our reduction mixture has never resulted in any measurable 
loss of volume, but this could occur during prolonged 
heating or breakage of the flask. 

RESULTS AND DISCUSSION 

From equation (1) it is seen that only isotopic 

ratios need to be measured for an accurate S deter- 
mination. For almost all elements, the natural iso- 
topic abundancies are invariant. Sulphur is one of a 
few elements which shows measurable variations in 
composition as a result of isotopic fractionation, 
principally during the biological oxidation and 
reduction of sulphur.’ Therefore the isotopic com- 
position of S in all samples and calibration solutions 
was measured to preclude bias from this source, 
which could be 1% or greater if IUPAC values were 
assumed for all compositions.’ The measured S 
isotopic ratios for all samples are given in Table 1. 
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Table 2. Calibration of “S mike 

Natural sulphur* 

Concentration of S determined 
in “S spike, 

ng/gt 

Na,SO, 
Mix 1 
Mix 2 
Mix 3 

313.85 
314.26 
314.04 

I&SO, 
Mean 314.05 + 0.21 

Mix I 314.63 
Mix 2 314.80 

Mean 314.72 f 0.12 
Mean of 5 mixes 314.32 * 0.40 

*The mixes are independent weighings of spike and natural 
S. 

TGiven as total pg of S per g of solution. Mean + standard 
deviation. 

Table 3. Sulphur concentration in NBS SRM 133b 
(Chromium-Molybdenum Steel) determined by thermal- 

ionization mass-spectrometry 

Bottle 

Sample 
weights, 

g 
Sulphur, 

pgg/g 

1 0.62499 3350 
2 0.43932 3339 
2 0.66457 3325 
2 0.50733 3346 
3 0.66824 3359 
3 0.56377 3350 
3 0.61242 3340 
4 0.60806 3319 
4 0.57478 3301 
4 0.62711 3320 
5 0.49587 3355 
6 0.47834 3358 

Mean S, 
W/g 
3350 

3337 

3350 

3313 

3355 
3358 

Mean = 3344 k 17 
(0.51%, r.s.d)* 

*Uncertainty computed for the mean of the six values. Total 
uncertainty given in Table 4. 

The relative abundances of 32S, 33S and 34S were 
calculated from these data, assuming the abundance 
of 36S to be 0.015°/0. Since the 36S abundance is very 
low, its variability has a negligible effect on the 
calculated abundances of the other isotopes. The 

calculated 32S and 34S abundances for each material 
were used in equation (1) to calculate the sulphur 
concentration. 

Calibration of 34S-enriched spike 

The 34S spike was calibrated against solutions 
prepared from two high-purity sulphates. Previously, 
it was shown that solutions gravimetrically prepared 
from these salts yielded a spike calibration value 
within a few parts in lo4 of that determined from 
three different solutions of coulometrically titrated 
sulphuric acid.4 Therefore these two salts can be used 
reliably as primary S standards. About 300 /lg of S 
from a solution of natural S composition was accu- 
rately weighed into a Teflon beaker along with a 
known weight of spike solution. The resulting solu- 
tion was mixed thoroughly, added to the reduction 
flask and treated in the same way as a sample. The 
S concentration determined in the spike for the 
individual mixes is given in Table 2. The uncertainty 
(r.s.d.) for the grand mean is 0.13%. For the high S 
concentrations reported in this paper, the uncertainty 
in the spike calibration is a significant source of 
uncertainty in the values for homogeneous SRMs. 

S determinations in steel 

The S concentration was determined in three SRM 
steels, which were in the form of chips. The individual 
values are given in Table 3 for replicate deter- 
minations on SRM 133b. The 1.4% (relative) range 
observed for the six bottles indicates sample in- 
homogeneity among bottles, since much smaller 
ranges have been observed for materials of compar- 
able S concentration (see Table 6). Three separate 
samples were taken from bottles 2,3 and 4. The range 
in S concentration in all three bottles was about 0.6% 
relative and may indicate slight sample in- 
homogeneity within individual bottles. A one-way 
analysis of variance of the twelve replicates, grouped 
according to their bottle designation, showed that 
there was a statistically significant difference 
(CI = 0.03) among the bottles. The significant 
difference is caused by the low values for bottle 
No. 4. Table 4 summarizes the S determinations on 
steels analysed in this study. The S values determined 

Table 4. Sulphur concentrations in NBS Fe-based alloys 

% s, w/w 
Certified Value from this 

Sample value (date)* study? 

SRM 133b (Cr-Mo steel) 0.328 + 0.004 (8/12/81) 0.3344 k 0.0056 
SRM 891 (White cast iron, Ni Hard I) 0.029 (6/82) 0.0284 k 0.0002 
SRM 1138a (Cast steel) 0.056 f 0.001 (l/20/77) 0.0541 f 0.0005 

*Isotope-dilution values determined in this study were used in the certification of SRM 891 
only. 

tThe total uncertainty is computed as the linear sum of the uncertainty (ts, 95% confidence 
interval) in the spike calibration, the sample reproducibility, and the absolute value of the 
blank divided by the sample weight. The contribution of the blank was negligible for SRMs 
133b and 1138a. 
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Table 5. Replicate sulphur determinations on NBS SRM 1572, Citrus leaves 

Weight loss, 
Sample* % _____ 

ILJ 5.566 
ID 
1D 
2u 5.423 
3u 5.056 
3D 
4u 5.068 
5u 5.336 
5D 

Sample weight, 

A- 

0.20583 
0.19018 
0.17271 
0.23267 
0.22655 
0.19210 
0.19064 
0.17863 
0.19027 

S found, % 

0.4044 
0.4068 
0.4078 

0.4073 
0.4056 

0.4072 
0.4069 
0.4074 

0.405 1 

Mean S, 
V /” 

0.4063 
0.4073 

0.4064 
0.4069 

0.4063 

Mean 0.4063 0.4067 0.4066 
s.d. _to.o013 rf:o.o012 * 0.0004t 

r.s.d. t k 0.32%) t + 0.30%) (fO.ll%) 

*“D” samples were determined after drying. “U” samples were determined on undried material 
and the weights corrected to a dry weight basis. 

tTota1 uncertainty given in Table 6. 

for SRMs 133b and 1132a are in good agreement 
with previously certified values. 

S determinations in organic-bused materials 

Sulphur was determined in a number of organic 
Standard Reference Materials ranging from pow- 
dered milk (0.35%) to a bituminous coal (4.8%). All 
organic materials measured in this study had to be 
dried to remove moisture. The drying procedure must 
effectively reduce all materials to the same dry weight 
basis. Two approaches have commonly been used at 
NBS. One involves drying a sample from each bottle 
to determine the weight loss, but performing the 
actual analysis on an undried sample. The weight loss 
from the dried material is then used to correct the 
data obtained from the undried material. The second 
method uses the dried material directly for the anal- 
ysis. Because of the possibility that sulphur could be 
lost during the drying, both dried and undried SRM 
1572 (Citrus Leaves) was analysed. Replicate deter- 
minations on five bottles of SRM 1572 are shown in 
Table 5. Five weighing bottles containing citrus 
leaves were dried at 85’- for 2 hr as instructed in the 
certificate. The weight losses given in column 2 have 
an average value of approximately 5%. Samples 
denoted by “U” were taken directly from the SRM 
bottle without drying, and the corresponding drying 
weight-loss correction was applied. Dried samples, 
denoted by “D” were taken from the weighing bottles 
that had been heated. A comparison of the S content 
of the undried and dried material by a one-sided 
t-test indicates no detectable S loss during drying for 
this material. The mean S value for each bottle is 
given in the last column. The total range in S content 
was 0.25(x relative, which is much smaller than the 
9% spread in weight loss. This indicates that in spite 
of large differences in moisture content, the drying 
procedure reduces all bottles to the same dry weight 
basis. The standard deviation for the means of the 
five bottles was 0.098% relative. This small uncer- 
tainty in the mean demonstrates the high precision 

capability of this technique and indicates that this 
SRM is homogeneous for S to this degree or better 
for the sample weights analysed. 

Table 6 summarizes the thermal-ionization deter- 
minations of S in the organic materials. In all cases 
sample sizes were 0.1-0.3 g of the dried material, 
except for SRM 1572 (Citrus Leaves) where both 
dried and undried material was analyzed (see 
Table 5). In all cases the samples were spiked with 
34S-enriched tracer and decomposed in a sealed Car- 
ius tube; an aliquot equivalent to 30&500 pg of total 
S was reduced. Blank corrections were negligible in 
all cases. The relative observed ranges for single 
determinations from six different bottles are shown in 
the last column. The powdered milk, bovine liver and 
citrus leaves show very small S ranges, indicating 
good sample homogeneity for S, and the high pre- 
cision of this technique. For these three SRMs, the 
spike calibration uncertainty is a large component 
(approximately half) of the total uncertainty given in 
the penultimate column. 

The relatively large uncertainties for the coal deter- 
minations are a result of sample inhomogeneity, 
which in turn is primarily responsible for the large 
ranges observed. The certified values for SRM coals 
2682, 2683, 2684 and 2685 are based on three inde- 
pendent techniques: gravimetry, ion chromatography 
and the isotope-dilution values from this study. 

S determinations in SRM 1633a, Fly Ash 

Sulphur was determined in four different bottles of 
Fly Ash SRM 1633a, with sample sizes of about 0.2 
g of dried material. This particular fly-ash has the 
following major element composition (“/;): Si 22.8, 
Al 14, Fe 9.4, K 1.88, Ca 1 .I 1. After sealed-tube 
dissolution with hydrochloric and nitric acids, the 
insoluble portion of two unspiked samples was centri- 
fuged, washed repeatedly with distilled water and 
dissolved in 10 ml of concentrated nitric acid and 1 
ml of concentrated hydrofluoric acid in a Teflon jar 
equipped with a threaded cap (Savillex Corporation). 
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Table 6. Sulphur concentrations in non-metallic NBS SRMs 

s, % Range in S 
concentration 

Certified? Mean value from in this study, 
Sample* value (date) this study5 0/0 rel. 

SRM 1549 (Powdered Milk) $ 0.3514 k 0.0029 0.48 
SRM 1577a (Bovine Liver) 0.78 + 0.01 (6/15/82) 0.7845 k 0.0046 0.25 
SRM 1577b (Bovine Liver) : 0.7846 + 0.0061 0.52 
SRM 2682 (Coal) 0.47 f 0.03 (12/14/82) 0.494 + 0.01 I 1.93 
SRM 2683 (Coal) 1.85+_0.06(12/14/82) 1.896 k 0.037 1.79 
SRM 2684 (Coal) 3.00 + 0.13 (12/14/82) 3.076 k 0.090 2.70 
SRM 2685 (Coal) 4.62 + 0.18 (12/14/82) 4.76 +0.19 3.84 
SRM 1635 (Coal) 0.33 + 0.03 (8/22/82) 0.354 + 0.014 1.44 
SRM 1572 (Citrus Leaves) 0.407 &- 0.009 (2/22/82) 0.4066 k 0.0022 0.25 

*Sample sizes were 0.1-0.3 g of dried material. 
iIsotope-dilution values determined by this technique were used with values from other techniques to 

arrive at the values given here. 
$SRMs not yet certified. 
§The concentration given for each SRM is the mean of a single determination for dried material from 

six different bottles except for citrus leaves (see Table 5). The total uncertainty is computed as the 
linear sum of the uncertainty (ts, 95% confidence interval) in the spike calibration, the sample 
reproducibility, and the absolute value of the blank divided by the sample weight. The contribution 
from the blank was negligible. 

The S concentrations found in the two fractions are 

given in Table 7. The insoluble residues represented 
47.7% and 46.0% of the total sample. The sum of the 
values for the soluble and insoluble fractions gives the 
total S content per gram of fly-ash. A comparison of 
the values shows that more than 99% of the S in this 
fly-ash is present in the soluble fraction, but this may 
not be the case for other fly-ash samples. 

CONCLUSIONS 

The sealed-tube chemical procedure and the 
isotope-dilution thermal-ionization mass-spectro- 

Table 7. Sulphur concentration in NBS SRM 1633a, Fly 
ash 

Bottle 

Insoluble portion* 
1 
3 

ST pglg 

6.9 
9.8 

Soluble portion? 
1 
2 
3 
4 

Mean 8.4 

1769 
1765 
1756 
1770 

Mean 1765 f @ 
Corrected mean 1773 f 321 

*Residue from HNO,/HCI sealed-tube digestion, washed, 
spiked and dissolved in HF/HNO,. 

tSulphur extracted during sealed-tube digestion. 
$The total uncertainty was computed as the linear sum of 

the uncertainty (fs, 95% confidence interval) in the spike 
calibration, the sample reproducibility and the absolute 
value of the blank divided by the sample weight and 
twice the observed range between the insoluble residues. 

#Mean _+ s.d. for 4 determinations. 

metric technique described in this paper satisfy the 
need for a highly precise and accurate technique for 
producing certified S standards and for the measure- 
ment of S concentrations in environmental samples. 
For materials that are sufficiently homogeneous, this 
method can determine the S concentration with a 
total relative uncertainty of 0.5% (95% confidence 
interval) or better. The capability now exists to certify 
standards with total uncertainties that are smaller 
than the measurement precision of the automated 
instruments that use them for calibration. Therefore, 
investigators making S determinations will be in the 
favourable position of having accurate standards 
with uncertainties that have a negligible effect on the 
overall measurement uncertainty. 

The high precision of this technique allows small 
changes in S concentration to be observed. This 
capability could be useful for the detection of small 
changes in S content in plants living in SO,-polluted 
environments. For example, a relative increase of 
0.5% S content in leaves could be easily detected in 
sample sizes of 0.1 g or less. 

The upper limit to the amount of sulphur that can 
be determined by this technique is governed by the 
cost of the enriched spike. Sample sizes of high- 
sulphur materials have been kept at the 0.1-g level to 
conserve spike. The recent availability of less ex- 
pensive spike in large quantities makes the cost factor 
less prohibitive. The lower limit on sample size is 
governed by the homogeneity of the sample for S. 
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Summary-A novel technique for the determination of nanomolar levels of zinc in aqueous solution is 
presented. The zinc complex with ammonium pyrrolidine dithiocarbamate is adsorbed on a hanging 
mercury-drop electrode and the reduction current of zinc is measured by voltammetry. The detection limit 
for zinc is 3 x IO-“M. with IO-min collection time. A procedure is suggested for the simultaneous 
determination of Ni anh Zn in a single sample. 

The conventional electrochemical determination of 
trace amounts of zinc in aqueous solution is by 
anodic stripping voltammetry (ASV). The working 
electrode is then either a hanging mercury-drop elec- 
trode (HMDE), or a solid electrode covered with a 
mercury film. ‘x2 The limit of detection for zinc is 
2-4 x 10e91ul after a plating time of 15-60 min with 
an HMDE,3,4 and lower by a factor of about ten if a 
rotating disk electrode (RDE) is used, with in situ 
plating of mercury.’ The determination of zinc is 
adversely affected by the formation of intermetallic 
compounds with Cu, Ni and CO,‘.~ especially when 
thin-film techniques are used. The half-wave potential 
of Zn’+ is at - 1.1 V (us. SCE) in non-complexing 
electrolytes,6 so the solution needs to be maintained 
at pH > 4 to prevent masking of the zinc oxidation 
current by the hydrogen wave. 

Recently it has been found possible to determine 
low concentrations of several trace metals in aqueous 
solution by means of adsorption voltammetry (AV). 
This technique is based on the tendency of certain 
complexes to adsorb on the surface of the HMDE. 
The reduction current of the metal ions in the ad- 
sorbed complex is used as a sensitive measure of the 
solution concentration. Thus low concentrations of 
Cu(II), U(VI), V(V) and Fe(II1) can be determined 
by complexation with catechol,7.8 and of Ni(I1) and 
Co(H) by complexation with dimethylglyoxime 
(DMG),9,‘o with limits of detection typically near 
lO_‘OM. 

The results of a study of the possible determination 
of trace quantities of Zn in sea-water by means of 
AV are reported in this paper. Several complexing 
ligands were tested in preliminary experiments and it 
was found that reduction peaks for both zinc and 
nickel in sea-water are obtained with &hydroxy- 
quinoline as complexing agent. However, the 
concentration-reduction current relationship was 
non-linear for both metals, although the sensitivity 
(reduction current/metal concentration) was suf- 
ficient for analysis of unpolluted sea-water. Com- 

plexes of zinc with catechol were also found to adsorb 
on the HMDE but the sensitivity was low (no peak 
from clean sea-water). Aqueous solutions of ammo- 
nium pyrrolidine dithiocarbamate (APDC) were 
found to produce a marked reduction peak in the 
presence of low concentrations of zinc. It is proposed 
in this paper to use this property for the detection of 
dissolved zinc in water and sea-water. 

EXPERIMENTAL 

Equipment 

Voltamperograms were recorded with a PAR 174 A 
polarograph in conjunction with a PAR 303 static mercury- 
drop electrode in the stationary-drop mode; the surface area 
of the mercury drop was 2.83 mm’. The internal clock of the 
polarograph &as altered to allow for a faster pulse rate of 
10 Hz. The reference electrode was Ag/saturated AgCl, KCI. 
For some experiments a home-made-water-jacketed electro- 
chemical cell was used, containing 60ml of liquid, which 
allowed simultaneous pH-measurement. The solution was 
stirred with a Teflon-coated magnetic stirring bar. The pH 
was measured with a Radiometer PHM 64 Research pH- 
meter with a combined pH/calomel reference electrode, 
calibrated for the free hydrogen-ion scale with a solution of 
O.OlM hvdrochloric acid in 0.69M sodium chloride. The 
experiments were performed in a “clean room”, equipped 
with filtered-air conditioning. 

Reagents 

An aqueous O.lM APDC (“Spectrosol”, BDH) stock 
solution (100 ml) was prepared and traces of metal ions were 
removed’ by extra&on- with three lo-ml portions of 
1.1.2~trichlorotrifluoroethane. A stock aqueous O.lM DMG , 
solution was prepared in 0.2M sodium- hydroxide. Buffer 
solutions were prepared from N-2_hydroxyethylpiperazine- 
N’-2-ethane sulphonic acid (HEPES), piperazine-NJ’- 
bis(Zethane sulphonic acid) (monosodium salt) (PIPES), 
and NJ’-bis(2-hydroxyethyl)-2-aminoethane sulphonic 
acid (BES): each stock buffer solution contained 1 mole of 
buffer agent and 0.5 mole of ammonia (“Aristar”) per litre. 
Metal contamination in these buffers was removed by 
addition of IO-‘M APDC and extraction with 
1,1,2-trichlorotrifluoroethane. A stock buffer solution (1M 
boric acid/0.4M ammonia; pH 8.5) was used without further 
purification. Stock aqueous solutions of zinc, nickel and 
cobalt were prepared by dilution of BDH atomic-absorption 
(“Spectrosol”) standard solutions. Sea-water used for these 
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experiments was collected from the Menai Straits (and 
filtered through a 0.45 pm Oxoid filter) and from the eastern 
North Atlantic (used unfiltered, supplied by courtesy of I. 
Butler, M.B.A., Plymouth). Distilled water was produced by 
a quartz double-distillation unit. Interfering dissolved or- 
ganic material was removed from the sea-water by ultra- 
violet irradiation.’ 

Procedure 
A lo-ml sample is pipetted into the electrochemical cell 

and 0.1 ml of O.lM APDC and 0.075-ml of 1M BES are 
added; the solution is then purged with argon to remove 
oxygen. The magnetic stirrer is switched on and a new 
mercury drop is extruded; this is the beginning of the 
collection period of 2 min. The collection potential (E,,,) is 
set at - 1.3 V, and the scan is started at -0.9 V: the “hold” 
facility of the polarograph is therefore used during the 
collection period. The stirrer is stopped, then after 10 set the 
potential is switched to -0.9 V (“initial potential” setting) 
and after a further 20 set the potential scan is started. The 
scanning parameters are: differential pulse modulation 
25 mV, 10 pulses/set, scan-rate 10 mV/sec. The scan is 
stopped at - 1.3 V by using the “hold” facility. The pro- 
cedure is repeated after standard additions of zinc. The 
reduction-current/Z&concentration relationship is linear up 
to about lo-‘M Zn under the given conditions. Zinc 
concentrations greater than about 5 x 10-*1W can best be 
determined by using a reduced collection period (1 min or 
less), and a higher solution pH (boric acid buffer, pH 8.5): 
at this pH the sensitivity is slightly reduced and the hydro- 
gen wave is shifted to more negative potentials. At high zinc 
concentrations (25 x lO_*M) the analysis time can be 
further reduced by using a linear sweep (LS) potential scan 
of 50mV/sec instead of the DP modulation. 

RESULTS 

A potential scan from -0.1 V in the negative 
direction, with an HMDE in an aqueous 10m3M 
APDC solution (pH 7.3), is characterized by a large 

reduction current between -0.5 and -0.8 V. This 
wave is caused by reduction of adsorbed APDC 
molecules and its magnitude is not affected by vary- 
ing the zinc concentration. At potentials more nega- 
tive than about -0.8 V the background current is 
very low until the hydrogen wave is reached. A 
reduction peak for the adsorbed zinc complex is 
present at - 1.18 V. The reduction of ADPC takes 
place in at least two steps, as revealed by the presence 
of two major, irregularly shaped peaks at -0.5 and 
-0.6 V (current measurements by adsorption linear 
sweep voltammetry, ALSV, after 1.5 min collection at 
- 0.1 V, with stirring, scan-rate 50 mV/sec). The peak 
at -0.5 V is predominant until an APDC concen- 
tration of N lO_“A4 is reached (Fig. l), whereas the 
second peak becomes predominant at higher concen- 
trations. In lO_-‘M APDC medium the reduction 
current of APDC is about 25 times that of 4 x 10m8M 
zinc; reduction of APDC therefore produces a mas- 
sive background current between - 0.4 and - 0.85 V. 

Adsorption of zinc on the HMDE depends on the 
APDC concentration, as shown in Fig. 1: the experi- 
mental solution was irradiated sea-water (UV-SW) 
containing 3 x lo-‘M Zn and O.OlM BES (pH 7.3). 
Each scan was preceded by collection for 1.5 min 
while the potential was held at -0.3 V, and the 

5 4 3 

-log [APOC] 

Fig. 1. Reduction currents of Zn and APDC as a function 
of APDC concentration. 

reduction of Zn was measured by ADPV 
(10 pulses/set and 10 mV/sec). It was found that the 
adsorption of zinc (as indicated by the reduction 
current) continued to increase with the APDC con- 
centration up to - 1 0m3M. This concentration was 
therefore selected for the following experiments. 

Eflect of variation of pH 

Adsorption of 3 x lO-‘M Zn was measured as 
a function of the pH of UV-SW that had been 
made 10e3M in APDC. The collection time was 1 min 
at a potential of -0.3 V. The reduction current was 
measured by ALSV at a sweep-rate of 50mV/sec. 
It was found (Fig. 2) that the peak height was 
maximal at about pH 6.8. The zinc peak is preceded 
by that for nickel at - 1.12 V, the reduction current 
for which, as a function of pH, is also shown in 
Fig. 2. 

The peak-height for zinc was greatest at 
pH 6.3-6.8. It was found, however, that addition of 
a pH buffer in this range (such as PIPES at pH 6.9) 
caused the hydrogen wave to shift in the positive 
direction and tests showed that the baseline was 
sufficiently flat for low concentrations of Zn to be 
determined at pH 7.3 in the presence of BES buffer, 
whereas O.OlM HEPES (pH 7.8) shifted the hydrogen 

Fig. 2. AV reduction currents of Zn and Ni as a function 
of pH. Experimental conditions: sea-water containing 
3 x lO-‘M Zn, 1 x 10m8M Ni, IO-‘M APDC; stirred col- 

lection during 1 min at - 0.3 V, sweep-rate 50 mV/sec. 



Zinc in sea-water 

wave to more positive potentials. BES buffer was 
therefore selected for the following experiments. 

Effect of variation of collection time 

The reduction current of zinc in sea-water medium 
buffered at pH 7.3 with O.OlM BES and containing 
10m3M APDC was measured by ALSV (scan-rate 
50 mV/sec) as a function of the collection period. It 
was found (Fig. 3) that the reduction current in- 
creased linearly with the collection time up to about 
7 min for 3 x lo-‘M zinc, but only up to a collection 
time of 3 min for 2 x lo-‘M zinc. The maximum in 
the reduction current for 2 x lo-‘M zinc (_ 3 p A), 
obtained after collection for 7 min was similar to the 
maximum current obtainable by increasing the zinc 
concentration and using a fixed collection period of 
1.5 min. This means that the electrode was then 
completely covered with zinc-APDC complex. In- 
creasing the collection period decreased the current, 
indicating that some of the adsorbed zinc was dis- 
placed, probably by other metals present as traces in 
the sample (APDC is a general complexing agent). A 
similar effect has been shown for the AV deter- 
mination of Cu and Fe with catechol.‘,* 

Effect of variation of the collection potential 

The adsorbed film of metal-APDC complex can 
form in two ways: (a) the metal ions react with 
APDC molecules that are already adsorbed on the 
mercury surface, or (b) the complex species is formed 
in solution and then adsorbed. The potential of the 
HMDE during the collection period is important, 
since it determines the sign of the electrical charge on 
the electrode surface. The charge is zero at the 
electrocapillary maximum (ecm) which is located at 
_ -0.52 V in electrolyte solutions similar to sea- 
water. 

The effect of the electrical surface charge was 
studied by measuring the reduction current for both 
3 x lO_*M zinc and 1 x lo-*M nickel in irradiated 
sea-water by ALSV after collection for 1.5 min at 
various potentials, at pH 7.3 (O.OlM BES buffer), 
with 10m3M APDC (scan-rate 50 mV/sec). Scans with 
collection potentials more negative than - 0.9 V were 

Collection +lme lminl 

Fig. 3. Adsorption of Zn on the HMDE as a function of 
collection time. Experimental conditions: sea-water contain- 
ing 3 x IO-*A4 Zn (1) and 2.3 x IO-‘M Zn (2), lo-‘M 
APDC, 0.01 M BES (pH 7.3); ALSV, sweep-rate 50 mV/sec. 

CollectIon potentlo (-VI NlZn 

Fig. 4. Adsorption of Zn and Ni on the HMDE as a 
function of collection potential. Current measurement by 
ALSV, 50 mV/sec sweep-rate after 1.5 min collection, from 
sea-water containing 3 x lo-*M Zn, 1 x 10-RM Ni, lo-‘M 
APDC and O.OlM BES @H 7.3); peak potentials of Zn and 

Ni are indicated on the x-axis. 

initiated at -0.9 V as described in the experimental 
section. It was found (Fig. 4) that the effect of the 
surface charge on the adsorption was generally small, 
except for the sharp drop in adsorption of zinc at 
- -0.5 V where the surface charge reverses, which 
suggests that (b) is the operative mechanism. The dip 
in the curve at the ecm could possibly be explained 
by the dipolar nature of the Zn-APDC complex(es). 
This property is useful as it allows for selective 
collection of nickel with respect to zinc. 

The peak potentials for zinc and nickel are also 
indicated in Fig. 4. The metallic zinc produced by 
reduction is amalgamated and diffuses into the mer- 
cury drop when the collection potential is kept more 
negative than the reduction potential (- 1.14 V). 
When the potential is switched to - 0.9 V the amal- 
gamated zinc is oxidized, then is complexed by the 
adsorbed APDC and remains at the surface of the 
HMDE. This procedure permits selective collection 
of zinc without interference by nickel and high con- 

centrations of cobalt (as shown below). 

Maximum adsorption capacity of the HMDE 

At any given collection time the relationship be- 
tween the reduction current of zinc and its concen- 
tration in solution is linear only until a certain 
maximum degree of surface coverage has been 
reached. A linear response was found, for instance, 
up to 2 x lo-‘M zinc, with a collection period of 
1 min. The maximum adsorption capacity of the 
HMDE was determined by measuring the total 
charge (in PC) corresponding to the reduction of zinc, 
as a function of its concentration in irradiated sea- 
water, in a collection period of 1.5 min. This charge 
was calculated from the area under the Zn peak 
obtained by ALSV, with a scan-rate of 50 mV/sec and 
a collection potential of -0.3 V. The results were 
fitted to a linear form of the Langmuir equation.’ It 
was found that under saturation conditions the 
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charge was 2.3 PC, equivalent to adsorption of 
4.1 x lo-” mole of zinc complex per cm2 of surface 
(calculated from charge/2 x F x surface area, where 
F is the Faraday constant). This adsorption density 
is approximately twice that of the complex of Cu(I1) 
with catechol(2 x lO-‘O mole/cm2),’ but less than half 
that of the Ni(I1) complex with DMG 
(1 x 10m9 mole/cm2).‘0 

Interferences 

Metal ions can interfere with the determination of 
Zn if their complexes are adsorbed on the electrode 
and their reduction potential is near that of zinc. It 
was found by making standard additions of Cu, Fe, 
V, U, Ni, Pb and Co, that only Ni(I1) and Co(I1) 
produced reduction peaks near that of zinc. The 
sensitivity for cobalt was only about a tenth of that 
for zinc and nickel, so it is not expected to interfere, 
as its concentration is of the order of lo-“M in 
unpolluted sea-water,” whereas the concentrations of 
nickel and zinc in sea-water are in the range 
10~9-10-8M.‘2 The zinc concentration can be deter- 
mined selectively by using a collection potential of 
- 1.3 V (Fig. 4) and differential pulse (DP) modu- 
lation. The height of the zinc reduction peak was 
found to be increased by a factor of about 10 relative 
to that of nickel by use of DP modulation 
(10 pulses/set), as a result of the irreversible reduction 
of nickel.” 

Natural waters are known to contain low concen- 
trations of surface-active organic material. Such 
material may reduce the sensitivity of this technique 
by competitive adsorption onto the HMDE. The 
reduction currents of zinc and nickel in irradiated 
sea-water were therefore measured before and after 
additions of Triton-X-100, a non-ionic surfactant 
which has been used as a calibration standard for 
surfactant activities in natural waters.14 It was found 
that the coastal sea-water samples had a surfactant 
activity equivalent to a 0.01-0.5 mg/l. concentration 
of Triton-X-100. When this surfactant was added to 

irradiated sea-water (containing lo-‘M APDC and 
O.OlM BES) the peak-heights for zinc and nickel were 
reduced by 40 and 80% respectively, by a 0.5-mg/l. 
level of surfactant, and both by about 90% by a 
1-mg/l. level. The sensitivity for Zn was found to be 
lower in untreated water from the Irish Sea than for 
an irradiated sample, whereas no significant effect 
was observed for water from the N. Atlantic. It is 
therefore advisable to irradiate samples which may be 
suspected to contain significant amounts of surfac- 
tants. 

Organic complexing material present in natural 
water samples could interfere by competition for 
dissolved zinc. The concentrations of such ligands are 
normally low (10~X-10~7M), but their zinc complexes 
are about as strong as the Zn-EDTA complex.‘5,‘6 
Addition of 10m6, 10m5, 3 x 10-j and 7 x 10e5M 
EDTA to irradiated sea-water (containing 
3.9 x lO-‘M Zn, 8.88 x 10m4M APDC, and O.OlM 

BES, pH 7.3) reduced the ALSV peak height of zinc 
by 0, 11, 45 and 86% respectively. At the APDC 
concentration (8.88 x 10m4M) used, the effect was 
therefore significant only at ligand concentrations 
much greater than those normally present in natural 
waters. Ultraviolet irradiation of water samples, as 
recommended for the removal of surfactants, should 
also remove high concentrations of strongly complex- 
ing ligands possibly occurring in interstitial waters. 

The stability constant of the zinc-APDC complex 
is not known, but can be estimated from the com- 
petitive effect of EDTA. A 50% reduction in the 
ALSV peak height of zinc in the presence of 
8.88 x 10m4M APDC should be caused by the pres- 
ence of 3.47 x lO_jM EDTA (calculated by inter- 
polation in the data above). Under these conditions 
the concentration ratio of zinc complex to free zinc 
must be the same for both complexes, so 
C K’ EDTA ZnEDTA - - CA~DCK’~n~PDC where &,A and 

C APDC are the concentrations of free EDTA and 

APDC respectively and K&,,, and Ki,,,,, are the 
conditional stability constants for the complexes. For 
sea-water medium at pH 7.3 it can be calculated that 

log K&n,, = 7.71 (from the stability constants 
quoted by Martell and Smith”) so K;,,,,, is approx- 
imately 2 x 106. A 10-4M concentration of APDC in 
sea-water would give an cc-coefficient for the side- 
reaction with zinc (CL ZnAPDC - - 1 + K;,APD,~APD,) of 

about 200, and for 10m3M APDC, ~(z”~~nc - 2000. 
These values can be compared with those (40-100) 
for complexes of zinc with natural organic complex- 
ing material in sea-water and interstitial waters,‘j and 
with that (2) for inorganic complexes.‘8 No significant 
interference by natural organic complexing material 
is therefore to be expected when 10e3M APDC is 
used. 

Determination of zinc in sea-water 

From the experiments reported it was concluded 
that optimal sensitivity was obtained by using a 
solution containing O.OlM BES buffer (pH 7.3) and 
lo-‘M APDC, but that a better baseline at higher 
zinc concentrations would be obtained at pH 8.5. The 
effects of various experimental conditions on the peak 
current are shown in Fig. 5. The zinc peak is much 
reduced (scan 3) after collection at -0.5 V (see also 
Fig. 4) and the peaks of nickel and cobalt at - 1.08 
and - 1.2 V respectively are readily discernible. The 
nickel and zinc peaks are both improved by collection 
at - 0.1 V, whereas cobalt is completely, and nickel 
substantially, masked by collection at - 1.3 V (scan 
1). The reduction current of zinc is much increased by 
using differential pulse modulation (scan 4). By stan- 
dard additions it was found that the zinc concen- 
tration was 3 x 10m8M in the sample from the N. 
Atlantic. This concentration was confirmed by 
DPASV at pH 4.5 with the HMDE. 

The detection limit was evaluated from scan 5 in 
Fig. 5. The peak-height of 5nA for 2 x 10m9M zinc 
had a relative standard deviation (RSD) of 2.3% (8 
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Fig. 5. ALSV and ADPV scans of water containing 
3 x lo-*M Zn and IO-‘M APDC after 1.5 min collection. 
Scans 14: sea-water, pH 8.5; scans l-3: ALSV, sweep-rate 
50 mV/sec, collection potentials of I, - 1.3 V; 2, -0.1 V; 3, 
-0.5 V, scan 4: ADPV, 10 pulses/set, sweep-rate 10 mV/sec, 
collection at - 1.3 V. Scans 5-7: lO-)M APDC in distilled 
water, pH 7.3; 1.5 min collection at - 1.3 V; ADPV with 
10 pulses/set and sweep-rate 10 mV/sec; 5,2 x 10e9M Zn; 6, 

3.8 x 10-‘&f Zn; 7, 6.9 x IOe9M Zn. 

degrees of freedom). The detection limit was calcu- 
lated as 3 times this standard deviation, giving a value 
of 1.4 x lo-“M. This limit was obtained with a 
collection period of only 1.5 min. A collection period 
of 10 min would reduce the limit of detection to about 
3 x lo-“M. This is comparable to that for nickel by 
similar AV techniques,7J0 but about a hundreth of 
that for determination of zinc by DPASV with an 
HMDE,3,4 and a tenth of that by DPASV with an 
RDE.’ Application of this technique allows deter- 
mination of zinc in sea-water with a collection period 
of only l-2min, with an HMDE. This type of 
electrode is easier to handle than the RDE, as its 
surface is readily renewed before each measurement 
and no polishing is needed. 

Simultaneous determination of nickel and zinc 

Peaks for both elements are obtained from a single 
ALSV scan of sea-water containing 10-3M APDC, 
but the sensitivity for nickel is much lower than that 
for zinc. Comparative measurements on sea-water at 
pH 8.5 showed that about 10 times better sensitivity 
was obtained for nickel with 2 x 10-5M DMG than 
with 10m3M APDC. DMG is selective for Ni,” and 
at 2 x 10-5M concentration in 10-3M APDC me- 
dium has no effect on the peak-height for zinc. Hence 

nickel can be determined first by addition of 
2 x 10mSM DMG and use of a collection potential of 
-0.7 V, followed by determination of zinc by addi- 
tion of lo-‘M APDC and use of a collection poten- 
tial of - 1.3 V. The solution is buffered at pH 8.5 with 
O.OlM boric acid. A pH of 8.5 is selected rather than 
9.2 as recommended for nickel,” because of the 
possible precipitation of magnesium hydroxide and 
because of the lower sensitivity for zinc at a higher 
pH. DP modulation was used in both cases 
(IO pulses/set, 10 mV/sec) and a collection period of 
1.5 min. A reduction current of 57 nA was obtained 
for lO_*M nickel (RSD 2%) and a limit of detection 
of 6 x 10-‘“M. The sensitivity under the given condi- 
tions is therefore sufficient to determine Ni and Zn 
simultaneously, given that the levels of these metals 
in unpolluted sea-water are typically 10-9-10-8M.3*‘2 
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Summary-The synthesis, characteristics and analytical properties of 1,2- and l,3-cyclohexanedione 
bis(2-hydroxybenzoylhydrazone)s are described. Spectral characteristics, pK values, hydrolysis resistance, 
reactions with common cations and their potential use in kinetic analysis are reported. 

Hydrazones have been widely used for spec- 
trophotometric and spectrofluorimetric deter- 
mination of metal ions, and their analytical applica- 
tions have been reviewed’s2. Bis(aroylhydrazones) 
have recently been proposed as analytical reagents. 
Lever3 reported the photometric and fluorimetric 

properties of the bis(4-hydroxybenzoylhydrazone)s 
of glyoxal, methylglyoxal and dimethylglyoxal. The 
photometric reactions of other bis(aroylhydrazones) 
with several metal ions have been investigated by 

us.48 
In this paper, studies of the synthesis and 

properties of the 1,2-cyclohexanedione and 1,3- 
cyclohexanedione bis(2-hydroxybenzoylhydrazone)s 
(1 ,ZCHDSH and 1,3-CHDSH respectively) and their 
reactions with common cations and use in kinetic 
analysis are described. 
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Scheme 1. 

Reagents 
EXPERIMENTAL 

All reagents were of analytical-reagent grade and all 
solutions were prepared with distilled water. The 1,2- and 
1,3-cyclohexanedione bis(2-hydroxybenzoylhydrazone)s 
were used as O.l’k solutions in dimethylformamide; the 
solutions were stable for at least 1 week. 

Procedures 

Synthesis of his (aroylhydruzones). The 1,2- or 1,3-cyclo- 
hexanedione (0.37g) and the stoichiometric amount of 

2-hydroxybenzoylhydrazine (1.00 g) were dissolved in 15 ml 
of absolute ethanol, several drops of concentrated hydro- 
chloric acid were added and the mixture was heated under 
reflux for 15 min for synthesis of 1,2-CHDSH and for 30 
min for 1,3-CHDSH. After cooling to room temperature, 
the products were filtered off and recrystallized from eth- 
anol. The melting points were 243” and 253” respectively. 
Elemental analysis gave C 62.9x, H 5.4x, N 14.5% for 
I.2-CHDSH. C 63.2X H 5.4X N l4.8Y for I.3-CHDSH: 
C,,H,N,O,requires “C 63.142, H 5.2&i, N 14.74%. 

Photometric reactions. The solutions were prepared in 
25-ml standard flasks from appropriate amounts of the 
cation, 5 ml of 0.1% reagent solution in dimethylformamide, 
10 ml of dimethylformamide, and enough dilute hydro- 
chloric acid or sodium hydroxide solution to give the 
selected pH value, and diluted to volume with distilled 
water. The absorbances were measured at 350-500 nm 
against a blank solution. 

Oxidation reactions. The reactions with several oxidizing 
agents and the catalytic effects of several cations were 
investigated. To a solution containing 0.5 ml of reagent 
solution in dimethylformamide, in a lo-ml standard flask, 
were added 2 ml of oxidizing agent solution (0.3% v/v 
hydrogen peroxide, 0.1 M potassium persulphate or 0. 1M 
sodium periodate) and 2 ml of 0.14M ammonia solution, 
and the mixture was made up to the mark with distilled 
water. In the study of the catalysed reactions appropriate 
amounts of the catalysts were also added. The absorbances 
were measured at 35&500 nm and the spectrofluorimetric 
measurements were made in the range 2OG-500 nm. 

RESULTS AND DISCUSSION 

The synthesis of these bis(aroylhydrazones) is very 
easy and the reaction needs only slight heating. 
Bright yellow crystals appear when the reagents are 
mixed. 

The solubilities of the two reagents were found to 
be very low in organic solvents except for dimeth- 
ylformamide (Table 1). Therefore, water-dimethyl- 
formamide (4:6 v/v) mixtures were used. The most 
important characteristics of the reagents in several 
solvents are shown in Table 1. 

The infrared spectra (potassium bromide discs) 
were analogous, with bands assigned to the stretching 
vibrations of NH (3200 cm-‘), C=N (1650 cm-‘), 
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Table 1. Characteristics of both compounds in several solvents 

1,2-CHDSH 1,3-CHDSH 

Solvent 
Molar absorptivity, Molar absorptivity, 

Solubility, g/l.* L,,,, nm lO’I.mole- .cm-’ Solubility, g/l.* A,,, nm lo1 l.mole-‘.cm -I 

Ethanol 1.26 350 16.6 0.70 385 29.5 
Acetone 2.04 350 16.2 1 .os 390 29.5 

Dimethylformamide 4.64 400 15.7 54.17 430 49.5 
Chloroform 1.08 350 17.6 0.40 385 30.4 

Benzyl alcohol 1.84 350 15.2 0.20 385 30.4 

Amy1 alcohol 1.38 350 17.6 0.42 385 30.0 
Benzene 0.56 350 17.6 0.30 385 29.9 

Ethyl acetate 0.34 350 19.0 0.57 385 30.4 
IBMK 0.36 350 16.6 0.15 385 30.9 

*Measured by the method of Wittenberger.“’ 

OH (1310 cm-‘) and ortho-substitution in the aro- 
matic ring (760 cm-‘). 

The ultraviolet spectra of the reagents show anal- 
ogous absorption maxima at 300 and 310 nm (Fig. 1) 
with bathochromic shifts in alkaline medium (I.,,, 
350 nm). Aqueous solutions of 1,ZCHDSH do not 
fluoresce at any pH, but alkaline solutions of 
1,3-CHDSH exhibit a blue fluorescence (A,, 350 nm, 
A,,,, 430 nm). This behaviour can be attributed to 
interaction between the two aroylhydrazone chains, 
enhancing the rigidity and planarity of this com- 
pound. This effect could also explain the reactivity 
of this reagent relative to that of 1,2-CHDSH (see 
Table 2). 

250 300 350 

Wavelength (nm) 

Fig. 1. Absorption spectra of the reagents in aqueous 

A combined potentiometric and photometric 
method’ was used to determine the ionization con- 
stants, the first for ionization of the enolic hydroxyl 
group and the second for the ionization of the 
phenolic group. The ionization constants of 
1,3-CHDSH have also been calculated from the 
fluorescence measurements. The average pK values 

are: 

1,3-CHDSH 

1,2-CHDSH Photometric Fluorimetric 

PK, 6.3 + 0.1 5.6 k 0.1 6.3 i 0.1 
PK, 10.8 + 0.1 10.1 + 0.1 10.1 + 0.1 

Solutions of these compounds in dimethyl- 
formamide are stable for at least one week and the 
reagents are resistant to hydrolysis at any pH. 

The characteristics of the chelates formed in 
water-dimethylformamide (4: 6 v/v) medium are 
shown in Table 2. 1,ZCHDSH is superior in sensi- 
tivity, but in both cases preliminary separations or 
masking reactions must be used to improve select- 
ivity. However, molybdenum(VI), titanium(N) and 
tin(II) react with 1,2-CHDSH at much lower pH than 
the other cations do, and it should be possible to 

Wavelength (nm) 

Fig. 2. Excitation and emission spectra of 1.3 x 10m4M 
1,ZCHDSH @H = 10.4). Sensitivity x 0.3. In the presence 
of: I, dissolved oxygen; II, 0.02M sodium periodate; III. 
0.02M potassium peroxodisulphate and IV, 0.0 I7M hydro- 
gen peroxide. C,,, = 0028M; reaction time 24 hr. Tem- __, - solutions at various pH values. (a) 1,2-CHDSH reagent and 

(b) 1,3-CHDSH reagent. C,,,,, = 5.2 x IO-‘M. perature 25-C. 
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Table 2. Photometric characteristics of complexes in solution 

1,2-CHDSH I ,3-CHDSH 

Metal ion 

Ti(IV) 
V(V) 

Mn(II) 
Fe(H) 
Fe(III) 
Co(H) 
Ni(II) 
Cu(II) 
Zn(I1) 
Zr(IV) 
MO(W) 
Pd(II) 
Cd(U) 
In(II1) 
Sn(II) 
Sn(IV) 
La(III) 
Pb(II) 
Th(IV) 

Molar absorptivity, - Molar absorptivity, 

im axrnm pH range 1041.mole-‘.cm-’ LM,,nm pH range 1041.mole-‘.cm-’ 

450-470 HC1 lM-5.2 1.42 
410 4.0-5.1 1.02 

435 7.9-9.1 3.04 480 9.1-I 1.5 0.66 
440 7.2-8.6 2.85 470 6.4-8.1 0.16 
440 6.9-9.5 2.73 475 5.8-12.1 0.34 

405435 3.2-4.5; 6.5-8.4 2.0; 1.54 480 9.411.9 0.75 
435 5.8-8.3 0.93 485-530 8.2-12.3 1.32; 0.71 
405 3.4-4.0 3.47 475 7.7-9.8 0.67 
435 6.4-7.6 4.24 475 7.3-10.8 0.46 
450 4.2-9.3 2.01 
470 2.W.7 1.65 

475 9.8-11.1 0.85 
430 6.48.4 7.38 475 7.7-9.8 0.67 

435455 4.34.9; 6.1-9.4 5.86; 2.56 
445 HC1 lM-5.7 2.74 
445 4.2-9.3 2.05 
415 7.69.1 5.32 
450 6.8-8.5 4.31 
435 5.8-7.9 7.27 

determine both tin(I1) and tin(W) in a mixture. No 
fluorescence was found for any of the complexes, but 
the fluorescence of 1,3-CHDSH is quenched by the 
cations that react with this reagent. 

Oxidation studies 

effect of dissolved oxygen on this compound in 
ammoniacal medium. If alkali-metal hydroxides are 

used for the pH adjustment, the effect of these 
oxidants is less. Potassium persulphate produces a 
brown oxidation product (k,,, 420 nm) after 48 hr, 
which is not fluorescent. 

Ammoniacal solutions of 1,2-CHDSH do not show The most important catalytic effect on the oxi- 
native fluorescence, but when treated with an oxi- dative production of fluorescence from 1 ,ZCHDSH 
dizing agent such as hydrogen peroxide, potassium is that of manganese(I1) (Fig. 3a), when hydrogen 
persulphate or sodium periodate exhibit a blue peroxide, potassium persulphate or dissolved oxygen 
fluorescence (A,, 310 nm and 350 nm, &,,, 430 nm). is the oxidant. The effect of dissolved oxygen was 
Figure 2 shows this behaviour as well as the slight confirmed by measurements in an inert atmosphere 

I I I I 

2 6 10 

Time (min) 

04 

0) 0.3 

r" 

x 

% 
g 0.2 

0.1 

(6) 

I I I 

400 450 500 

Wavelength (nm) 

Fig. 3. (a) Plots of fluorescence us. time for the kinetic determination of manganese at the 5.0 ng/ml level 
in the presence of several oxidants: I, potassium peroxodisulphate; II, dissolved oxygen and III, hydrogen 
peroxide. (1.3 x 10e4M 1,2-CHDSH, 8.8 x lO_rM H,O, or lo-*M K,S,O,, 0.4M ammonia, 25°C 
sensitivity x 0.3). (b) Absorption spectra of 1,2-CHDSH in the presence of several oxidants, catalysed 
by manganese(U) (100 ng/ml): I, potassium peroxodisulphate and II, dissolved oxygen. Conditions as 

described in the procedure. In both cases, the reagent blank was negligible. 
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Table 3. Influence of iron(III) and silver(I) on the kinetic In the photometric study and when potassium 
determination of Mn at the 5.0ng/ml level persulphate or dissolved oxygen is the oxidant, only 

Tolerance ratio, [Ion]/[Mn*‘]* the catalytic effect of manganese(I1) has been found. 

Hydrogen Potassium Dissolved 
This behaviour is shown in Fig. 3b. 

Metal ion peroxide persulphate oxygen 
1,3-CHDSH is similarly oxidized, to a product 

with blue fluorescence (A,, 3 15 nm, A,, 415 nm). Only 
Iron(II1) 20 10 20 
Silver(I) 100 8 50 

manganese(I1) and iron(II1) show a catalytic effect (a 
slight one) when hydrogen peroxide is the oxidant. 

*Experimental conditions as for Fig. 3a. 1,ZCHDSH is of more potential use than 

1.3-CHDSH in kinetic analysis. 

on solutions made with oxygen-free reagent solu- 
tions. The reagent blanks do not show fluorescence. 
The catalytic effect of manganese(I1) is maximal with 
hydrogen peroxide as the oxidant, and manganese 
can be determined at sub-ng/ml levels. Iron(II1) and 
silver(I) are the only other cations to show catalytic 
action (at about the pg/ml level) with hydrogen 
peroxide and potassium persulphate as the oxidant. 
The tolerance levels for these ions are shown in Table 
3. Hydrogen peroxide is the oxidant of choice for the 
catalytic determination of manganese, owing to the 
greater sensitivity and selectivity. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 

9. 

10. 
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Summary-A macroreticular poly(acrylic acid)-based resin with triazolethiol as the functional group has 
been synthesized. The stability of the resin in acidic media and the behaviour in sorption and desorption 
of various metal ions have been investigated and compared with those of the acylthiosemicarbazide resin 
which is an intermediate in synthesis of the triazolethiol resin. Both resins show high affinity for copper(H) 
silver, cadmium and mercury(H), and high selectivity for silver and mercury(H) at low pH (l-2), and even 
at pH 7 if EDTA is present. The triazolethiol resin sorbs metal ions faster than the acylthiosemicarbazide 
resin does and sorbs mercury(I1) from high concentrations of acids and neutral salt solutions. This resin 
has been applied to the concentration of silver and mercury(I1) from sea-water samples by column 
operation. 

Chelating resins having a sulphur atom in their 
functional group should show high affinity for “soft” 
metal ions, and several have been synthesized and 
investigated. In particular, the chelating resins 
containing thiol groups ‘M have been extensively 
investigated because of their high reactivity towards 
heavy metal ions. The thiol groups, however, are 
likely to be oxidized by oxygen during usage and/or 
storage of the resin, resulting in decrease in capacity, 
so it is worthwhile trying to synthesize new chelating 
resins having stable thiol groups. The present paper 
describes a resin containing triazolethiol groups, 
which is resistant to air-oxidation. The characteristics 
of the acylthiosemicarbazide resin which is an inter- 
mediate in the synthesis of the triazolethiol resin are 
also described. 

EXPERIMENTAL 

Apparatus and reagents 

The infrared spectra and surface properties of the resins, 
and the radioactivity of the tracers used, were measured 
with the apparatus described earlier.16 A Shimadzu AA- 
610s atomic-absorption spectrophotometer was used for the 
determination of nickel, copper and silver. The stock metal 
ion solutions, approximately O.lM, were standardized by 
complexometric titration. The solutions used for the sorp- 
tion studies were prepared by diluting aliquots of the stock 
solutions with the desired background acid (hydrochloric 
acid or nitric acid in 1 M acetic acid) or buffer solution (1 M 
acetic acid-sodium acetate). The radioisotopes @‘Co, 65Zn, 
Wd, “OrnAg and 203Hg, as nitrate or chloride, were obtained 
from the New England Nuclear Corp. and the Radio- 
chemical Centre, Amersham. 

Preparation of resins 

Resin I. To 450 ml of 0.5% aqueous hydroxyethylcellulose 
solution containing 45 g of sodium chloride, 120 ml of ethyl 
acrylate, 30 ml of 50% divinylbenzene solution and 150 ml 
of iso-octane, 2.25 g of benzoyl peroxide were added, and 
the mixture was stirred. After dispersion of the monomers, 
the mixture was heated to 70-75” and kept at this tem- 
perature for 8 hr with constant stirring. The product was 

filtered off and washed with hot water and methanol. After 
drying in a vacuum desiccator, the 35-60 mesh fraction was 
collected. 

Resin II. To 60 g of resin I, 220 ml of anhydrous hydrazine 
were added and the mixture was heated at 120” for 10 hr, 
then the reaction mixture was poured into 2 litres of water, 
and the product was filtered off, and washed with water and 
methanol. After vacuum drying, about 55 g of a white resin 
was obtained. 

Resin III. To 200 ml of 50% aqueous ethanol, 50 g of resin 
II and 30 g of methyl isothiocyanate were added, and the 
mixture was refluxed for 8 hr with stirring. The reaction 
product was filtered off, washed with methanol, and dried 
under vacuum. A white resin (about 73 g) was obtained. 

Resin IV. Resin III (50 g) was suspended in 400 ml of 50% 
aqueous dioxan containing 30 g of potassium hydroxide, 
and the mixture was refluxed for 8 hr with stirring. The 
product was filtered off, washed with water, 10% acetic acid, 
water and methanol, and finally dried under vacuum. A 
white resin (about 46 g) was obtained. 

Stability of resins 

Portions (1 g) of resins III and IV were shaken with 50 
ml of acid solutions of various concentrations (I-5M) for 
5 days, then filtered off and washed with water, 1M sodium 
hydroxide, 1 M acetic acid and water until the washings were 
neutral. After vacuum drying, the nitrogen and sulphur 
contents were determined. 

Sorption of meral ions by batch operation 

Unless otherwise stated, aliquots (10 or 100 ml) of O.OlM 
metal ion solutions were mechanically shaken with 100 mg 
of dry resin III or IV for a selected time at room tem- 
perature. The amount of metal ion sorbed was determined 
by radiochemical or spectrophotometric measurement of 
equal portions of the solution, before and after sorption of 
the metal ions. 

Recovery of metal ions 

Resins III and IV, loaded with metal ions, were shaken 
with various desorbents for 3 hr, then filtered off, and the 
amounts of the metal ions in the filtrates were determined. 

Breakthrough 

The metal solution (0.2 mg/ml, pH 7) was passed through 
a glass tube packed with 1 g of resin III or IV (0.5 x 15 cm) 
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at a flow-rate of 2 ml/min, and the effluent fractions were 
analysed for the metal. 

RESULTS AND DISCUSSION 

Preparation and stability of resins 

The resins were synthesized from macroreticular 
(MR) poly(ethy1 acrylate) cross-linked with 10% 
divinylbenzene as shown in Scheme 1. 

-CH, CH- NH2 NH;, -CH2CH- 

I - I 
COOC, H, CONHNH? 

I 

-CH,CH- KOH 
-CH,CH- S 

I - I II 

1% 
CONHNHCNHCH, 

CH,--N i’4 
I I 

?=N 

III 

iH 

IV 

Scheme 1. 

The elemental analyses of resins II-IV are shown in 
Table 1. Resins III and IV contain nitrogen and 
sulphur in 3:1 molar ratio and the higher nitrogen 
and sulphur content of resin IV corresponds to the 
dehydration of resin III. The absorption band at 1680 
cm-’ (v~-~) observed for resins II and III is absent 
for resin IV. These facts suggest that the conversion 
from resin II into resin IV proceeds almost quan- 
titatively. 

The physical properties of the resins are listed in 
Table 2; resins III and IV show the characteristic MR 
structure. The specific surface area of both resins is 
nearly the same, but the pore volume and diameter of 
resin III are larger than those of resin IV. It is also 
clear that the thiol group in resin IV increases the 
hydrophilicity. 

The chemical stability of resins III and IV was 
assessed from the change in nitrogen and sulphur 
content on exposure to acids. Resin IV was stable in 
1-SM hydrochloric acid but not in 1M nitric acid, 
which caused about 97% desulphurization of the 
original resin (cf: preparation of 1,2,4-triazole from 
its thiol derivative”). The thiol groups of resin IV 
were stable for about a year on exposure to air, 
however. Resin III, which contains acylthio- 
semicarbazide groups, was stable in both nitric and 
hydrochloric acid media. 

Sorption of metal ions 

Metal chelates with 1,2,4-triazole-5-thiol have been 

Table 1. Analytical data of resins 

Nitrogen, Sulphur, Molar ratio 
Resin % @mole/g) % (mmolelg) N:S 

II 17.31(12.36) 
III 18.13(12.95) 13.6574.26) 3.04 
IV 19.86(14.19) 15.14(4.72) 3.01 

characterized by Gupta et al.” and the usefulness of 
thiosemicarbazide derivatives in inorganic analysis 
has also been reviewed.” It was expected that resins 
III and IV would have the same reactivity as their 
monomeric compounds towards metal ions. The 
sorption of metal ions on resins III and IV at various 
pH values was investigated, and the results are shown 
in Fig. 1. The sorption of silver and mercury(U) was 
similar on both resins at pH below 7, but for cop- 
per(I1) and cadmium the affinity of resin IV was 
higher than that of resin III. 

The maximum capacities for the four metal ions 
which showed the highest affinity in the preliminary 
experiment are listed in Table 3. The order of sorp- 
tion is Ag > Hg > Cu > Cd on both resins. The sorp- 
tion mechanism is still not completely elucidated. The 
high capacity for silver, however, suggests that the 
nitrogen atom as well as the sulphur atom in the 
functional group contributes to the sorption of metal 
ions. This was confirmed experimentally; the capacity 
at pH 7 of resin IV (desulphurized with IM nitric 
acid) for copper and silver was still 1.87 and 3.50 
mmole/g, respectively. 

The rate of sorption was determined for copper, 
silver, cadmium and mercury at pH 7 by batch 
operation with resins III and IV, and the results are 
shown in Fig. 2. The equilibration is faster on resin 
IV; the times required for 50% uptake of copper, 
silver, cadmium and mercury were 15, 2, 20 and 6 
min, respectively. 

The effect of diverse ions on the sorption of the 
four metal ions with resins III and IV was studied. 
The presence of 10m2M chloride, nitrate, thiocyanate, 
thiosulphate and sulphate did not interfere with 
sorption of metal from 10 ml of 1 x lo-‘M metal 
solution (pH 4) except for mercury(I1) in thiosulphate 
solution, in which the mercury was reduced. Figure 
3 shows that mercury(H) is effectively sorbed in the 
presence of high concentrations of various acids and 
salts. This suggests that resin IV is applicable to the 
concentration of mercury from highly saline solutions 
and/or acids widely used as reagents. The presence of 
lOO-fold amount of cobalt(II), nickel, copper( 
zinc, cadmium, lead and iron(II1) showed no 
significant interference with the sorption of silver(I) 
and mercury(I1) with resins III and IV at pH 7. 

Resin 

III 
IV 

Table 2. Physical properties of resins 

Specific surface Average pore 
area, Pore volume, diameter, Water regain, 

m21g mllg nm g/g -__ 
39.4 0.109 111 0.98 
40.0 0.081 81 1.09 
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PH PH 
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Fig. 1. Effect of pH on the sorption of metal ions with resins III and IV. Resin: 100 mg. Metal solutions: 
O.OlM, 10 ml. Shaking time; 24 hr. 0: Co; n : Ni; 0: Cu; 0: Zn; A: Ag; A: Cd; x : Hg. 

Mercury(I1) was found to be 99.9% sorbed on resin 
IV in the presence of silver (in 100: 1 ratio to mercury) 
in O.OOlM nitric acid medium. The amounts of silver 
and mercury used corresponded to 10 and 0.1 mmole 
per g of resin IV, respectively, so the result indicates 
that the resin thiol group has much higher affinity for 
mercury(I1) than for silver. 

Table 4 shows the degree of sorption of the four 
metal ions in the presence of EDTA, selected as a 
typical chelating agent. The results suggest that the 
resins may be useful for the concentration and recov- 
ery of silver and mercury from natural water, which 
contains several chelating substances. The time 
required for 50% uptake of silver and mercury is not 
affected by the presence of EDTA. As shown in 
Fig. 1, resin IV sorbs mercury and silver selectively at 

_$loo @7y== 

-i 
6 

,,;:* 
.- 
z 50 B::;’ 
b 
07 t JG’ 

/L__.__ 

I’ 
p---f 

I’ __-- 
_________ .---f 

Shaking time (hr) 

Fig. 2. Effect of shaking time on the sorption of metals in 
acetate buffer (pH 7). Resin: 100 mg. Metal solutions. 
O.OlM, 10 ml. Symbols are the same as those in Fig. 1. 

____: resin III -: resin IV. 

low pH but the selectivity decreases with increasing 
pH. When EDTA is present, however, resin IV sorbs 
only mercury and silver. 

In general, desorption of the metal ions from the 
resins was rather difficult, probably because of for- 
mation of stable metal complexes with the functional 
groups on the resin matrix. Quantitative recovery was 
achieved only by using O.lM hydrochloric acid con- 
taining l-10% thiourea. 

10’ 
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2 
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e lo-’ 
$4 

5 
;; 

; lBZ 
I 

lo-! I I I 
II n -3 

10’ 10’ 10’ lo-’ 

Concentration of acids or salts WI 

Fig. 3. Sorption of mercury(H) from acids and neutral salts 
solutions with resin IV. Resin: 100 mg. Sample solution: Hg 
100 ppm, 10 ml. Shaking time: 12 hr. l : HCl; 0: HNO,; 
n : CH,COOH; 0: H,SO.,; A: H,PO,; A: NaNO,; 

a: NaCI; 0: NaSCN. 

Table 3. Total capacity (mmole/g) for copper, silver, cadmium and mercury 

Cu(II) Ag(I) Cd(H) Hg(II) 

Resin PH 3 PH 7 PH 3 PH 7 PH 3 PH 7 PH 3 PH 7 
III 0.91 1.85 6.39 7.56 0.49 0.61 3.97 3.23 
IV 1.05 2.81 7.13 7.77 0.42 1.89 3.76 3.70 

Metal solutions: O.OlM, 100 ml. Shaking time: 24 hr. 
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Fig, 4. Breakthrough curves with resin IV column. 

The breakthrough curves for copper, silver and 
mercury on resin IV are shown in Fig. 4. About 20, 
70 and 600 bed-volumes of 200-ppm copper, mercury 
and silver solutions respectively could pass through 
the column without leakage into the effluent. With 
resin III, however, leakage of mercury was observed 
after passage of about 3-5 bed-volumes of the feed 
solution. Although resin III is superior to resin IV in 
stability, its rate of equilibration is too slow for use 
in column work. 

Resin IV was applied to concentration of mercury 
and silver from sea-water. Mercury was concentrated 
on a resin IV column from 1 litre of sea-water spiked 
with mercury tracer (203Hg) under the same condi- 
tions as in the breakthrough experiment, and was 
recovered quantitatively with less than 8 bed-volumes 
of 0.1 M hydrochloric acid containing 1 O’/, thiourea. 

Silver was also concentrated on a resin IV column 
(resin 1 g, 1 x 3.7 cm) from 15 litres of sea-water 
at a flow-rate of 20 ml/min. The silver retained 

Table 4. Sorption of metal ions from acetate buffer (pH 7) 
in the presence of EDTA with resin IV 

[EDTA] 

[Metal] Cu(lI) 

Metal sorption, % 

Ag(J) Cd(H) Hg(JJ) 

100 99.9 100 99.9 

1 11.3 100 4.0 99.9 

3 1.3 100 0 99.9 

5 0 100 0 99.9 

10 0 99.9 0 99.8 

Metal solutions: 1 x IO-‘M, 10 ml. Shaking time: 24 hr. 

was eluted with 20 ml of O.lM hydrochloric acid 
containing 1% thiourea, and determined by 
atomic-absorption spectrophotometry. It was found 
that the sea-water contained 0.02-0.05 pg of silver 
per litre, in reasonable agreement with published data 
(0.04 P’8/1.).20 
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Summary-MRFIT and MRLET, two FORTRAN computer programs, can analyse a photometric 
mole-ratio curve (Photometric titration curve) to estimate the stability constant & of the predominant 
complex M,L,, the ligand concentration factorf,, the extrapolated absorbance A,,, and the stoichiometric 
coefficient 4 @ is usually 1). MRFIT uses algorithmic minimization of a residual-square sum to reach, 
usually, the global minimum or the lowest of several local ones. MRLET, an ABLET system program 
based on LETAG, allows algorithmic and/or heuristic minimization. A local minimum described by 
parametric co-ordinates with a definite physical meaning might be found by the heuristic process. 

The mole-ratio method introduced by Yoe and 
Jones’,* for spectrophotometric investigation of 
complex-formation equilibria has been frequently 
used,S9 and is known as photometric titration in 
analytical chemistry. It is based on graphical inter- 
pretation of the absorbances observed when the 
concentration of one component of the complex is 
varied while that of the other is held constant. 

If the system forms a sufficiently stable complex, 
such a plot gives a sharp break and the mole ratio at 
the break corresponds to the composition of the 
complex. If, however, a weak complex is formed, only 
a curved plot results (Fig. 1). Previous papers in this 
area have been reviewed by Momoki et aL9 who also 
suggested a new generalized approach to the mole- 
ratio method to allow computer-assisted treatment. 

We introduce here two FORTRAN programs that 
use different mathematical approaches to the min- 
imization of a residual-square sum function. The 
program MRFIT is easy to apply because its algo- 
rithmic strategy works completely automatically, and 
minimization always leads to the global minimum or 
to the lowest of several minima. The parametric 
co-ordinates of the minimum always have mathe- 
matical meaning, although in some cases they may 
have no physical one. 

The program MRLET, part of the ABLET sys- 
tem,” allows application of an algorithmic strategy or 
a heurisitic strategy, or a combination of the two. 

Part V. Talanta, 1984, 31, 947. 

This makes it possible to find a local minimum with 
parametric co-ordinates with definite physical mean- 
ing.” Heuristic minimization requires some inter- 
vention by the user, to set the initial size of the 
minimization steps, the initial guesses for the par- 
ameters to be estimated or the value of the parametric 
steps for the final refinement of parameters. 

THEORY 

Mathematical model--equation of a photometric 
titration curve 

A photometric titration curve is a graphical repre- 
sentation of the mole-ratio method. It shows how the 

1 10 

1 05 
a 

! 0 

Fig. 1. Photometric mole-ratio curves shown in original (A; 
VJ and normalized (a; q& co-ordinates for complex M,L. 
Curves for strong (s), medium (m) and weak (w) complexes 

are shown. 

1083 
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absorbance changes as the mole ratio of the two 
components M and L of the complex M,L, is 
changed when the concentration of one is varied and 
the concentration of the other is held constant. Let us 
consider the formation of a single complex M,L, by 
the reaction 

pM + qL=M,,L, 

with (concentration) formation constant 

(1) 

P,, = bf,LJIWV~Llq) (2) 

Pm = W,W~h - PD$LJH~, - dM,L,D9J (3) 

If the total concentrations of M and L are denoted 
by cH and cL, the mass-balance equations are 

CM = WI + P [M&J = cM,b vM/ vo (4) 

CL = IL1 + dMpL91 = CL.,& (9 

where cM,b is the molar concentration and V, the 
volume of the metal-ion solution added from the 
burette, V, is the initial titrand volume, cL,w is the 
nominal ligand concentration, calculated from the 
weight of reagent used and volume of solution made 
from it, andf, is a concentration factor to allow for 
impurity in the reagent. 

The mole ratio is qM = cM/cL and the normalized 
absorbance tl is defined by the expression’ 

a = ]A (1 + vtvJ VO) - AOII(A,,, - A,) (6) 

where A, is the initial absorbance and A,,, is the 
absorbance of a solution in which an excess of metal 
ion has been added to suppress dissociation of the 
complex. For constant ligand concentration the fol- 
lowing function may be derived: 

F = aplq 

+ c(“~/[q~p9c~+9-‘)‘~(l -a)“‘“] -qhl = 0 (7) 

This describes the experimental relation A =f’(qM) or 
the photometric titration curve A =f(VM). This 
mathematical model contains the dependent variable 
(A), the independent variable (V,), and three un- 
known parameters, the overall stability constant 

@I,,), the absorbance of the complex M,L,(A,,,), and 
the ligand concentration factor vL). The two stoi- 
chiometric coefficients of the complex, p and q, are 
usually suggested by the user and then validated by 
calculation; p is usually 1. 

The relationship between absorbance and mole 
ratio is measured for constant total ligand concen- 
tration, and varied metal ion concentration, so the 
method is known as the “metal-changing method” 
(MCh). When the ligand concentration is varied and 
the metal-ion concentration is kept constant, the 
method is known as the “ligand-changing method” 

(LCh).9 
If only one complex is formed (and it is very 

stable), the graph of A =f(qu) consists of two inter- 
secting lines (Fig. 2). The ratio of the total concen- 
trations of metal and hgand at the point of inter- 

L I \ I / I 1 -\ , 

0 0, 03 05 01 03 05 

V,lml) 

Fig. 2. Photometric mole-ratio curves shown in original (A ; 
V,) and normalized (c(; qM) co-ordinates for a single pre- 
vailing complex ML in solution (left half of figure) and a 
mixture of complexes ML and M,L (right half), for strong 
(N) and weak (D) complexes in solution. The photometric 
titration curve is shown for the wavelength at which the 
complex absorbs (upper part) or at which the ligand absorbs 

(lower part). 

section gives the metal-to-ligand ratio in the complex. 
If the complex is only moderately stable, a steep curve 
is obtained and the intersection of tangents to the 
initial and final sections can still give this ratio, but 
the uncertainty increases with decreasing stability. 
For weak complexes, this simple graphical method 
fails to give any reliable information. If N complexes 
are formed and the successive formation constants 
are sufficiently high for there to be little overlap of the 
equilibria, the curve consists of (N + 1) segments. If 
a single complex predominates, regression evaluation 
of the mole-ratio curve can be used to estimate the 
three parameters &, fL, and A,,,. 

Regression analysis 

Regression analysis consists of the estimation of 
unknown parameters by minimizing the difference 
between experimental and calculated data. The 
theoretical justification for the procedure has recently 
been discussed.” 

The experimental error in reading the burette is 
usually less than the error in the absorbance reading. 
Because an explicit expression of the absorbance 
A =f( VM) is not possible, the calculated absorbance 
A cLL,c, is obtained by the Miiller approximation” in 
both MRLET and MRFIT. The sum of weighted 
squared residuals 

u = i w&p,, - Acalc.J2 = minimum (8) 

where wi is the statistical weight, usually taken as 
unity, can be minimized by use of the least-squares 
procedure LETAG’* for MRLET, and FIT” for 
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MRFIT. The FIT subroutine uses only algorithmic 
minimization, and always finds the global minimum. 
The normal equations are linearized in FIT and 
transformed to the principal axis system. The sub- 
routine contains a main loop for calculating alter- 
ations to parameters from the eigenvalues and eigen- 
vectors of the normal equations, with reduction of the 
alterations if the linearity range is exceeded, and a 
minor loop for reducing the linearity ranges if it is 
found that the squared error obtained with the new 
parameters is greater than that for the old ones. The 
termination criterion is tested only in normal iter- 
ations. 

The MRLET program, from the ABLET system,” 
uses the pit-mapping algorithm LETAG,‘* and does 
the minimization with heuristic (steps controlled by 
the user) or algorithmic (steps controlled auto- 
matically by the program) control. Heuristic min- 
imization may reach a local minimum with definite 
physical meaning, but the algorithmic process always 
finds the global minimum or lowest minimum of 
several, but this does not necessarily have a physical 
meaning. In the heuristic process, the user must 
decide whether it is sufficient to know the location of 
some local minimum or whether knowledge of the 
global minimum is required. The user has to supply 
initial guesses of the values of the parameters and the 
minimization steps, and an organizational framework 
to control the process from iteration to iteration. 

For all the parameters involved here, a negative 
value has no physical meaning. For such parameters 
the MRLET program contains a safeguard to stop 
them from becoming negative during the min- 
imization, and at the same time to check that the 
calculations are not carried too far from the min- 
imum. The block doing this is called MIKO; it 
searches systematically, over the calculated second- 
degree surface, for the set of three parameters that 
gives the lowest value for U with no parameter 
negative. 

DATA INPUT INSTRUCTIONS 
MRFIT 

The data cards required for MRFIT are as follows, and 
each photometric titration requires this sequence of cards. 

1. Title curd: TITLE (20A4) 
2. Termination card: STOP, SINST. 
3. Titration conditions card: NB, CMB, VO, AL, CLW, 

CORM, ALFMIN, ALMAX, P, Q. 
4. Data curd: for simulated data set: VM(I), I = 1, NB; for 

experimental data set: VM(I), AEX(I), I = I, NB. 
5. Initial guess card: BETAO, FLO, AEXTO. 
6. Simulation curd: for a simulated data set: BETA, FL, 

AEXT; for an experimental data set this card is omitted. 

The termination curd contains STOP values (the algorithm 
FIT terminates when the sum of squares of parameter 
alterations divided by their variances is less than the STOP 
value), and SINST, the standard deviation of the absorb- 
antes measured with the spectrophotometer used: 
SINST > 0 indicates that a simulated data set is used, and 
SINST < 0 that the experimental data are used. 

Photometric titration techniques 

The mole-ratio curve for a complex-forming system may 
be measured by two methods. 

The titration conditions card contains ten experimental 
quantities: NB is the number of data points, CMB is the 

(1) The MCh (metal-changing) method. The concentration 
of the ligand in the titration vessel is kept constant 

molar concentration of metal solution in the burette, c~,_ 
VO is the initial volume of titrand solution I’,, AL is the 
initial absorbance of the ligand in the titrand before the 
titration is started, CLW is the total molar concentration of 
the ligand in the titrand. c, _, CORM is a correction factor 
relating the burette volumes Y”s.read to true volumes deliv- 
ered Iso V.. = VM(I)*CORMl. ALFMIN is the lower limit 
Q, of th&uve interval to be analysed numerically and 
ALFMAX is the upper limit G,, and P and Q are 
stoichiometric coefficients p and 4 of the complex MpLq. 

The data curd contains experimental pairs of titration- 
curve points; VM(I) is the volume VM.,.read of metal solution 
added and AEX(1) is the measured absorbance (when NB 
is written with a minus sign, transmittance is read in instead 
of absorbance). With simulated data, only the independent 
variable VM(I) is read here, and the dependent variable, 
absorbance, is generated by MRFIT. 

The initial guess card contains the initial guesses of the 
three parameters to estimated: /I$), fc), A$. 

The simulation card contains preselected values BETA, 
FL, AEXT for the parameters /I,,, fr, and A,,,. For experi- 
mental data, this card is omitted. 

MRLET 

Programs of the ABLET system all use similar data decks, 
as discussed previously.“’ Only the three specific cards (the 
simulation card, titration conditions card and data card) are 
commented on in detail here. 

I. Title card: TITLE (20A4). 
2. Keys curd: ISSW(I), I = 1, 6. 
3. Termination card: EPS, PSI, SINST. 
4. Simulation curd: for a simulated data set: (XK(I), 

I = 1, 4), (SIGXK(I), I = 1, 4), (WEI( I = 1, 4). For an 
experimental data set this card is omitted. 

5. Titration conditions curd: for a simulated data set: NB, 
CMB, VO, AL, CLW, CORM, ALFMIN, ALFMAX, P, Q, 
FLO, AEXTO; for an experimental data set: 6, plus the 
same deck as for a simulated data set. 

6. Data card: for a simulated data set: VM(I), I = 1, NB; 
for an experimental data set: VM(I), AEX(I), I = 1, NB. 

7. Initial guess card: I, 4, 4, AEXTO, FLO, LBETAO, 

QO. 
8. Mutrix card: ISKIN, (I(K), J(K), S(I(K), J(K)), 

K = 1, ISKIN. 
9. Step curd: 3, N, (I(K), STEK(I(K)), K = 1, N). 

10. Process card: IRUR, IRUR, IRUR, (e.g., 2,5, 13). 

This set of cards constitutes one data block, and as many 
data blocks as desired may be executed, one after the other. 
The simulation card reads preselected values of four param- 
eters in sequence (A,,,, fr. log (?I,, q) followed by their 
standard deviations s(A,,,), scfr), s(log &,), s(q) and their 

weights w(&), w&), w(log B,,), w(q). 
The titration conditions card contains the same quantities 

as for MRFIT. FL0 and AEXTO here represent the initial 
guesses j’p), A$. For an experimental data set, this card 
must begin with the integer key 6. 

The data card has the same content as for MRFIT. 
The initial guess card contains the key 7 followed by the 

number of parameters to be refined and the number of 
positive parameters. Values of the initial guesses for partic- 
ular parameters in the sequence A$,ff’), log 82, q”‘) follow. 

The remaining cards have been described previously.‘2 

EXPERIMENTAL 
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and this solution is titrated with the metal-ion solution 
added from a burette. 

(2) The LCh (ligund-changing) mefhod. The concentration 
of metal-ion solution in the titration vessel is kept constant 
and the amount of ligand is gradually increased by addition 
from a burette. 

There are two distinct experimental techniques for doing 
photometric titrations. 

(1) Titration done in the cell (internal MCh technique). A 
known volume of ligand solution (2-30 ml) is placed in the 
spectrophotometer cell. For the total increase in volume 
during the titration to be small enough for the ionic strength 
and some equilibrium properties not to be seriously affected, 
the volume of metal solution added should be in the range 
lW3OO~l. A stirrer and the capillary tip of the micro- 
burette are inserted in the cell (and a glass electrode if it is 
desired to check the pH during the titration). The geometric 
arrangement should be unchanged throughout the titration. 
If necessary, polyethylene inlet tubes are also inserted into 
the cap to allow the cell to be flushed with a solvent- 
saturated stream of inert gas. 

(2) Titration done outside the cell (external MCh tech- 
nique). A 1 SO-ml double jacket titration vessel is connected 
to the photometer cell by polyethylene tubes or glass 
capillary tubes fitted with glass ball-joints. Tubes pass 
through the Teflon cell-stopper, one of them connecting the 
bottom of the cell to a 100-m! glass syringe. The titration of 
the ligand solution is done in this titration vessel, the 
reagents being mixed by passage of inert gas or by a 
mechanical stirrer. After each addition of metal ion solution 
and establishment of equilibrium, some solution is trans- 
ported into the cell by overpressure of inert gas or by use 
of a syringe. The cell is rinsed several times with the solution 
from the titration vessel, the absorbances at various wave- 
lengths are measured, and the solution is transported back 
into the vessel. The concentration of metal is then changed 
by adding solution from a microburette and the whole 
procedure is repeated. 

APPLICATIONS 

Some examples are given below of systems in which 
a predominant complex exists at equilibrium, and 
which were studied with the aid of MRFIT and 
MRLET. 

Example 1. SNAZOXS-zinc complex, studied by 
the internal MCh technique. 

The stability constant of the ML, complex and the 
ligand concentration factor are estimated by the 
MCh data-evaluation procedures of MRFIT and 
MRLET. The two minimization strategies, algo- 

rithmic and heuristic, are illustrated. 

Experimental conditions. An initial volume of 4.00 

ml ( = VO) of 1.65 x 10m4M ( = CLW) SNAZOXS, 
was titrated with 2.0 x 10m3M (= CMB) zinc added 
from a home-made microburette having a correction 
factor of 0.988 (= CORM). The titration was done 
in acetate buffer at pH 5.5, with I = 0.1 (NaClO,), 
with measurement at 575 nm in a 1.000 cm cell at 25”; 
these experimental conditions are given in the title 
card. The absorbance before the titration was started 
was 0.670 ( = AL). 

Input data for MRFIT (Table 1). Program MRFIT 
will test the proposed chemical model and verify or 
reject the existence of complex ML,, the input data 
being P = 1, Q = 2, and the initial guesses 812 = 10” 
( = BETAO), ff’ = 1.0 ( = FLO), and A$ = 0.01 
(= AEXTO). Selected points from the total 24 
(= NB) points of the photometric titration curve, 
between u,,, = 0.01 ( = ALFMIN) and or,., = 0.99 
( = ALFMAX) will be used. The experimental data 
are executed, so SINST must be equal to - I. The 
MRFIT algorithmic minimization is limited to 100 
iterations (program code) or by the termination 
criterion 10m9 (= STOP) in the input. 

Input data for MRLET (Tables 2 and 3). Program 
MRLET can perform an algorithmic (Table 2) or a 
heuristic (Table 3) minimization. In each iteration a 
print of the parameter values and the residual-square 
sum function is requested [ISSW(l) = l] and also a 
print of the elements of the twist matrix 
[ISSW(2) = l] and the determinant [ISSW(3) = 11. 
When an algorithmic process is used, [ISSW(6) = 01, 
the minimization step in the next iteration is calcu- 
lated either as a PSI fraction (PSI = 0.3) of the 
previous step [STEP(I) = PSI* STEP(I)], in which 
case ISSW(4) is equal to 0, or as a PSI fraction of 
the parametric standard deviation DARK2(1) 
calculated in the previous iteration [STEP(I) = PSI* 
DARKZ(I)], in which case ISSW(4) is equal to I. 
The key ISSW(5) is used for simulated data only. 
The minimization process is terminated when 

](Li(‘l - U”+“)/U(“] < EPS (here EPS = 10m6) or 
when 40 iterations have been performed. As experi- 
mental data are to be used, SINST is - 1.0. When no 
twist matrix elements are available, ISKIN is equal to 
0 and the rest of the card may be omitted. The step 
card contains IRUR = 3 which calls the block STEG, 

Card 

1. Title card 
2. Termination card 
3. Titration conditions 
4. Data card 

5. Initial card guess 
6. Simulation card 

Table 1. MRFIT input data for Example 1 

Content of card 
_ 

ZN + SNAZOXS, PH = 5.5, I = 0.1,575 NM, 1.000 CM, 
1 .OE-9, - 1 .O, 
24, 0.002, 4.0, 0.670, !.65E-4 0.988, 0.01, 0.99, 1, 2, 
0.0100, 0.628, 0.0296, 0.547, 0.0494, 0.468, 0.0692, 0.392, 
0.0889, 0.318, 0.0988, 0.286, 0.1087, 0.255, 0.1136, 0.241, 
0.1186, 0.227, 0.1235, 0.214, 0.1284, 0.202, 0.1334, 0.195, 
0.1383, 0.182, 0.1433, 0.174, 0.1482, 0.164, 0.1531, 0.159, 
0.1581, 0.151, 0.1680, 0.141, 0.1704, 0.138, 0.1754, 0.138, 
0.1778, 0.139, 0.1877, 0.121, 0.1976, 0.117, 0.2075, 0.110, 
l.OE8, 1.0, 0.01, 
For experimental data this card is omitted. 



Multiparametric curve fitting-VI 

Table 2. MRLET input data for Example 1 (algorithmic minimization) 

Card Content of card 

1087 

1. Title card ZN + SNAZOXS, PH = 5.5, I = 0.1, 575 NM, 1.000 CM, 
ALGORITHMIC STRATEGY, MRLET 

2. Keys card 1, 1, 1, 0, 1, 0, 
3. Termination card l.OE-6, 0.3, -1.0, 
4. Titration conditions card 6, 24, 2.OE-3, 4.0, 0.670, 1.65E-4, 0.988,, 0.01, 0.99, 1, 2, 0.9, 0.01, 
5. Data card the same as Data card in Table 1. 
6. Initial card guess 7, 4, 4, 0.01, 0.9, 9.0, 2.0, 

7. Matrix card 0, 
8. Step card 3, 3, 1, 0.04, 2, 0.01, 3, 0.2, 

9. Process card 2, 5, 13, 

Table 3. MRLET input data for Example 1 (heuristic minimization) 

Card Content of card 

1. Title card ZN + SNAZOXS, PH = 5.5, I = 0.1, 575 NM, 1.000 CM, 
HEURISTIC STRATEGY, MRLET 

2. Keys card 1, 1, 1, 0, 1, 1, 
3-7. The same as corresponding cards in Table 2. 
8. Step card + process card 3, 1, 3, 0.06, 2, 5, 
9. Step card + process card 3, 3, 1, 0.04, 2, 0.01, 3, 0.2, 2, 5, 

10. Final card -1, 

followed by the number of parameter steps (N = 3) 
and the number, I(K), and numerical value 
STEK(I(K)) of each parameter step. This 
STEK(I(K)) step value is used in the first iteration 
only; in following iterations it is calculated as indi- 
cated above. The process card lists three IRUR 
numbers (2, 5, 13) which call three blocks; 2 calls 
UTTAG, i.e., the starting value of the first central 
point of the residual-square sum function; 5 calls 
LETA for systematic variation of parameters and the 
minimization process; 13 calls SKRIK for output of 
the results and fitness test. 

When a heuristic minimization is required the key 
ISSW(6) is set equal to 1 (cf Table 3) and min- 
imization steps and process keys IRUR are read from 
data cards in each iteration. One iteration is executed 
after reading in IRUR = 5, which calls the block 
LETA. The parameters do not all need to be refined 
at once. They are estimated one at a time, then in the 
final iteration all are refined together. This heuristic 
strategy is recommended, for example, when there are 
some ill-conditioned parameters in the model or 
when the pit-shape is skew or plate-like. 

Example 2. The 7-(2-carboxyphenylazo)-8-hydroxy- 
quinoline-S-sulphonic acid-copper(II) complex stud- 
ied by the external MCh technique. 

The stability constant of ML and the ligand cor- 
rection factor are estimated by MRFIT analysis of 
mole-ratio curves measured at various wavelengths. 

Experimental conditions. An initial volume of 
20.00 ml ( = VO) of 1.102 x 10-4M ( = CLW) ligand 
solution, was titrated with 3.39 x 10m3M ( = CMB) 
copper(I1) added from a home-made syringe micro- 
burette with a correction factor of 0.01947 ml/mm 
( = CORM). The titration was done in acetate buffer 
at pH = 4.901, and I = 0.1 (NaClO,) with mea- 
surement at 510 nm in a l.OOO-cm cell at 25”. The 
initial absorbance was 1.210 ( = AL). 

Znput data for MRFIT (Table 4). MRFIT will test 
the proposed chemical model ML, the parameters 
being P= 1, Q= 1, /I\;)= lo6 (=BETAO),f@)=0.9 
( = FLO), ALP?, = 0.56 ( = AEXTO). Selected points 
from the total of 13 ( = NB) on the photometric 
titration curve between a,,, = 0.01 ( = ALFMIN) 

and a,,, = 0.99 ( = ALFMAX) will be used for curve 
fitting. Because experimental data are used, SINST is 

Card 

1. Title card 
2. Termination card 
3. Titration conditions card 
4. Data card 

5. Initial card guess 
6. Simulation card 

Table 4. MRFIT input data for Example 2 

Content of card 

OB+CU, PH =4.901, I=O.l, 510 NM, 1.000 CM, 
1 .OE-9, - 1 .O, 
13, 3.398-9, 20.0, 1.210, 1.1025-4, 0.01947, 0.01, 0.99, 1, 1, 
2.22, 1.162,, 8.89, 1.019, 11.12, 0.971, 13.33, 0.924, 15.57, 0.878, 
17.79, 0.831, 20.00, 0.785, 22.24, 0.738, 24.46, 0.694, 26.68, 0.652, 
28.91, 0.620, 31.12, 0.592, 35.57, 0.559, 
l.OE6, 0.9, 0.56, 
For experimental data this card is omitted. 
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Table 5. MRFIT input data for Example 3 (simulated data) 

Content of card 

1. Title card SIMULATED DATA SET. EXAMPLE 3. 
2. Termination card 1 .OE-9, 0.006, 
3. Titration conditions card 28, l.OE-3, 20.0, 0.0001, l.OE-5, 1.000, 0.01, 0.99, 1, 1, 
4. Data card 0.0222, 0.0355, 0.0450, 0.0569, 0.0686, 0.0808, 0.0934, 0.1064, 0.1200, 

0.1344, 0.1405, 0.1500, 0.1533, 0.1566, 0.1601, 0.1636, 0.1671, 0.1708, 
0.1746, 0.1785, 0.1825, 0.1866, 0.1910, 0.1954, 0.2001, 0.2049, 0.2100, 
0.2153, 

5. Initial card guess 1.5E6, 0.9, 0.95, 
6. Simulation card l.OOOE6, 1.0, 1.0, 

- 1 .O. The MRFIT minimization is algorithmic, lim- siduals demonstrate the quality of the fit achieved. 
ited to 100 iterations or by the termination criterion The degree of fit is tested objectively by the statistical 
lO-9 (= STOP). analysis of the residuals. 

Example 3. Data simulation. The influence of the 
instrumental error of the spectrophotometer used, 
s,,,,(A), on the estimated parameters can be in- 
vestigated by the use of simulated data, by MRFIT. 

Experimental conditions. For parameters p,, = 106, 
fL = 1 .O, A,,, = 1 .O and various preselected values of 
the instrumental error, viz. s&4) = 10m6, 10m4, 
10m3, 0.002, 0.004, 0.006, (= SINST), and with 
the rest of the experimental conditions kept constant 
(NB = 28, CMB = 0.001, VO = 20.0, AL = 0.0001, 
CLW = 0.00001, CORM = 1.0, ALFMIN = 0.01, 
ALFMAX = 0.99, P = 1, Q = 1, BETA0 = 1.5E6, 

FL0 = 0.9, AEXTO = 0.95) six mole-ratio curves are 
generated. After data simulation, a MRFIT min- 
imization is done. The input data for simulation and 
minimization process are given in Table 5. 

MRFIT verified the proposed chemical model, that 
the ML, complex is formed in the photometric ti- 
tration of zinc with SNAZOXS, when excess of 
ligand is present. The statistical tests show that the 
calculated and experimental points are very close: the 
mean value of the absorbance residuals is only 0.0012 
(i.e., the arithmetic mean of the absolute values of the 
residuals), less than the instrumental error for the 
spectrophotometer used k,,,(A) = 0.002 for the Zeiss 
VSUZG spectrophotometer], and the standard devi- 
ation 0.0020 of the residual mean is of the same 
magnitude as the instrumental error. The other statis- 
tical tests also prove that the degree of fit is 
sufficiently good for the parameter estimates found to 
be considered reliable. 

DISCUSSION 

The statistical test of the degree of fit used here is 

an efficient diagnostic tool when a chemical model is 
sought, and it may be used as a criterion for com- 
parison and selection of the best model from several 
plausible proposed ones. 

Table 6 shows the MRFIT output for Example 1. 
The first part lists the experimental conditions and 
the calculation conditions. All 24 experimental points 
are used in the regression analysis because they 
lie between LY,,,~” and c(,,,..~. TITRATION DATA lists 
the original co-ordinates { Vhl,rrad; Aread} of the 
photometric titration points and SELECTED 
POINTS lists the transformed co-ordinates 
{c~; A}, the ith point having the co-ordinates 

CM.t = CM,b* VM,rea,i*CORM/ VO and Ai = A~rrad 
(1 + V,.i,,,,,*CORM/ V,). MRFIT solves equation (7) 
by using equations (5) and (6) and the mole-ratio 
curve in transformed co-ordinates {cw; A}. 

From the numerical analysis of the photometric 
titration of zinc with SNAZOXS, it may be con- 
cluded that for the range from excess of ligand in 
solution to nearly equimolar solutions 

(qL = cL/cM = 3 1.61.54) the ML, complex prevails in 
solution. This complex has a stability constant 
/3,2 = 3.05 x 109, the concentration factor of SNA- 
ZOXS is fL = 0.947 (this means that the SNAZOXS 
has a purity of 94.7%) and the extrapolated absorb- 
ance is A,,, = 0.01205 (Table 6). 

Table 8 shows a MRLET output for Example 1. 

INTERMEDIATE RESULTS gives the residual- 
square sum for the initial guesses of the parameters 
and for the fitted values found at the end of min- 
imization. 

OUTPUT lists the values of the parameters and 
their absolute and relative standard deviations. When 
the elements of the covariance matrix are negative, 
they are not printed, and the standard deviations of 
the parameters are also not defined. CURVE FIT- 
TING lists the experimental and calculated points of 
the photometric tritration curve in the original {c~; 
A} and normalized {qM; u} co-ordinates. The re- 

Experimental conditions and curve-point selection 
are the same as for MRFIT. Most of the MRLET 
output is self-explanatory, but some comments are 
appropriate. The control label RURIK indicates the 
sequence of operations in the minimization process. 
RURIK = 6 introduces block DATA, which reads 
the titration conditions card and data card and prints 
their content in the output. RURIK = 7 calls block 
LASK which reads the initial guesses of the four 
parameters to be refined, and RURIK = 3 reads and 
writes the minimization steps for the first iteration. 
RURIK = 2 causes calculation of the residual-square 
sum U, for the central point in the first iteration, i.e., 
for the initial guesses of the parameters. 
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Table 6. Shortened MRFIT output for Example 1 (Table 1) 

MRFIT PROGRAM 

MRFIT-TITLE: ZN + SNAZOXS, PH = 5.5, I = 0.1,575 NM, 1.000 CM, 
TYPE OF INPUT: EXPERIMENTAL DATA 

TITRATION VESSEL: TOTAL LIGAND CONCENTRATION (MOL/L) 
INITIAL VOLUME (ML) 
INITIAL ABSORBANCE 

BURETTE: FACTOR OF MICROBURETTE (ML PER 1 MM) 
METAL STOCK SOLUTION(MOL/L) 

CURVE FITTING: SEGMENT OF CURVE TAKEN TO REGRESSION 
FROM ALPHAMIN 
TO ALPHAMAX 

TESTED STOICHIOMETRY OF COMPLEX P = , Q = , 
NUMBER OF POINTS OF THE WHOLE TITRATION CURVE 
NUMBER OF POINTS OF THE CURVE SEGMENT TAKEN TO REGRESSION 
TERMINATION CRITERIA: MAXIMUM NUMBER OF ITERATIONS DECL. 
PRECISION WHEN COVARIATION MATRIX IS CALCULATED 
INITIAL GUESS OF FIRST PARAMETER (STABILITY CONSTANT, K) 
INITIAL GUESS OF SECOND PARAMETER (LIGAND FACTOR, FL) 
INITIAL GUESS OF THIRD PARAMETER (ABSORBANCE EXTRAPOLATED) 
INTERMEDIATE RESULTS: 
IN 23 ITERATIONS THE NORMAL EQUATIONS WERE ILL CONDITIONED 
IN 24 ITERATIONS THE CALCULATED ALTERATION OF PARAMETERS WAS GREATER THAN THE 

ESTIMATED LINEARITY RANGE 
RESIDUAL-SQUARED SUM/DEGREES OF FREEDOM WITH INITIAL GUESS: 4.283E-02 AND WITH FITTED 

PARAMETERS: 4.684E-06 

= 0.000165 
= 4.00 
= 0.670 
= 0.988 
= 0.00200 

= 0.0100 
= 0.9900 

1 2 
= 24 
= 24 
= 100 
= l.OE-9 
= l.OE8 
= 1.000 
= 0.010 

OUTPUT: 
VALUE OF PARAMETER 

GUESSED FITTED 
K 1 .OE08 3.0525E09 
FL 1 .oooo 0.94708 
AEXT 0.0100 0.01205 

VALUE OF STANDARD DEVIATION 
ABSOLUTE RELATIVE 
NOT FOUND NOT FOUND 
NOT FOUND NOT FOUND 
NOT FOUND NOT FOUND 

CURVE FITTING IN ORIGINAL COORDINATES: 
ABSORBANCE 

I METAL 
1 4.94E-6 
2 1.45E-5 
3 2.4lE-5 
4 3.37E-5 
5 4.34E-5 
6 4.82E-5 
7 5.3lE-5 
8 5.55E-5 
9 5.79E-5 

10 6.03E-5 
11 6.27E-5 
12 6.5lE-5 
13 6.75E-5 
14 6.99E-5 
15 7.23E-5 
16 7.47E-5 
17 7.72E-5 
18 8.20E-5 
19 8.32E-5 
20 8.56E-5 
21 8.68E-5 
22 9.16E-5 
23 9.64E-5 
24 l.OlE-4 

FITNESS TEST BY THE 
RESIDUAL MEAN 
MEAN RESIDUAL 

MEASURED CALCUL. 
0.6296 0.6296 
0.5510 0.5510 
0.4736 0.4724 
0.3986 0.3966 
0.3249 0.3248 
0.2929 0.2920 
0.2618 0.2614 
0.2477 0.2472 
0.2336 0.2342 
0.2205 0.2215 
0.2083 0.2102 
0.2013 0.1995 
0.1881 0.1897 
0.1801 0.1809 
0.1699 0.1728 
0.1649 0.1653 
0.1568 0.1586 
0.1468 0.1468 
0.1437 0.1437 
0.1439 0.1439 
0.1450 0.1371 
0.1265 0.1288 
0.1226 0.1219 
0.1156 0.1159 

STATISTICAL ANALYSIS OF RESIDUALS: 
= 8.7998-5 
= 0.0012 

IN NORMALIZED COORDINATES: 

RESIDUAL ALPHA 
0.0000 0.0615 
0.0000 0.1809 
0.0012 0.3003 
0.0020 0.4155 
0.0001 0.5246 
0.0009 0.5745 
0.0004 0.6210 
0.0004 0.6425 

- 0.0006 0.6624 
-0.0010 0.6817 
-0.0018 0.6989 

0.0019 0.7151 
-0.0016 0.7300 
- 0.0009 0.7433 
-0.0028 0.7557 
- 0.0004 0.7670 
-0.0017 0.7773 

0.0000 0.7952 
0.0000 0.7998 
0.0000 0.7996 
0.0079 0.8100 

-0.0023 0.8225 
0.0008 0.8331 

-0.0003 0.8422 

MOLE 

(M/L) 
0.0316 
0.0926 
0.1543 
0.2159 
0.2779 
0.3065 
0.3395 
0.3550 
0.3702 
0.3860 
0.4012 
0.4167 
0.432 1 
0.4473 
0.4628 
0.4783 
0.4939 
0.5245 
0.5324 
0.5478 
0.5554 
0.5864 
0.6171 
0.6481 

RATIO 

(L/M) 
31.6332 
10.7963 

6.4822 
4.6315 
3.5990 
3.2411 
2.9454 
2.8169 
2.7014 
2.5908 
2.4928 
2.4001 
2.3141 
2.2356 
2.1607 
2.0908 
2.0252 
1.9068 
1.8785 
1.8253 
1.8004 
1.7053 
1.6206 
1.543 1 

STANDARD DEVIATION = 0.0020 
SKEWNESS = 2.348 
KURTOSIS = 10.281 
PEARSON’S CHI-SQUARE OBSERVED = 8.00 

THEORETICAL = 12.60 (FOR 6 D.F. AND 0.95 
PROBABILITY LEVEL) 

HAMILTON’S R-FACTOR = 0.007256 
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Wavelength (in nm) 

Table 7. Results calculated for Example 2 [r = lO’(A,,, - A,,,,)] 

510 520 540 

A0 1.210 

i v,(ml) C~ x IO5 qhl a A ev r 

1 0.0432 0.733 0.0727 0.0728 1.162 0.0 
2 0.1731 2.934 0.2911 0.2888 1.019 1.5 
3 0.2165 3.670 0.3641 0.3609 0.971 1.1 
4 0.2595 4.399 0.4364 0.4322 0.924 0.9 
5 0.3031 5.138 0.5098 0.5041 0.878 1.9 
6 0.3464 5.871 0.5824 0.5749 0.831 1.1 
7 0.3894 6.600 0.6548 0.6446 0.785 0.4 
8 0.4330 7.340 0.7281 0.7141 0.738 -1.5 
9 0.4762 8.072 0.8008 0.7808 0.694 -2.2 

10 0.5195 8.805 0.8735 0.8433 0.652 -3.3 
11 0.5629 9.541 0.9465 0.8975 0.620 1.6 
12 0.6059 10.270 1.0188 0.9364 0.592 2.2 
13 0.6925 11.740 1.1356 0.9665 0.559 - 1.1 

B,, x 10-6 1.651 k 0.278 
fL 0.938 + 0.005 
A ext 0.5576 + 0.0050 

Residual mean 2.041E-4 
Mean residual 0.0014 
Standard deviation 0.0017 
Skewness -0.354 
Kurtosis 2.001 
Pearson’s chi-square observed 2.38 

theoretical 12.60 
Hamilton’s R-factor 0.00199 

1.200 

A 
ex” 

r 

1.134 0.0 
0.937 2.4 
0.872 3.0 
0.806 1.6 
0.742 2.5 
0.677 1.2 
0.613 -0.3 
0.549 -2.0 
0.488 -3.1 
0.430 -4.2 
0.384 1.0 
0.347 4.1 
0.301 -1.6 

1.743 * 0.314 
0.941 * 0.005 

0.2832 + 0.0069 

A ev r 

0.516 0.0 
0.414 0.4 
0.381 1.2 
0.347 0.4 
0.314 0.9 
0.28 1 0.8 
0.248 0.2 
0.214 - 1.5 
0.183 - 1.2 
0.153 - 1.6 
0.131 2.5 
0.110 0.8 

3.043 k 1.064 
0.911 * 0.009 

0.0932 k 0.0073 

3.553E-4 1.163E-4 
0.002 1 0.0009 
0.0024 0.0011 
0.075 0.536 
1.924 2.617 
4.85 2.67 

12.60 12.60 
0.00353 0.00385 

0.550 

Table 8. Shortened MRLET output for Example 1 (Table 3) 

MRLET PROGRAM 

MRLET-TITLE: ZN + SNAZOXS, pH = 5.5, I = 0.1, 575 NM, 1.000 CM, HEURISTIC S. 
TYPE OF INPUT: EXPERIMENTAL DATA 

xxxxxx RURIK = 6 xxxxxx DATA 
EXPERIMENTAL CONDITIONS: 
METAL-TOTAL CONCENTRATION IN BURETTE (MOL/L): 0.002000 
LIGAND-TOTAL CONCENTRATION IN VESSEL (MOL/L): 0.000165 
INITIAL ABSORBANCE: 0.6700 
INITIAL VOLUME (ML): 4.000 
FACTOR OF MICROBURETTE (ML PER MM): 0.988 
CURVE SEGMENT LIMITS-ALPHAMIN: 0.0100 

-ALPHAMAX: 0.9900 
TESTED STOICHIOMETRIC COEFFICIENTS P = , Q = , 1 2 

POINTS OF EXPERIMENTAL A-V CURVE: 
TITRATION DATA SELECTED POINTS OF SEGMENT 

I V(ML) A READ J METAL(MOL/L) A CORRECTED 
I 0.0099 0.6280 I 0.00000494 0.6296 
2 0.0289 0.5470 2 0.00001447 0.5510 
3 0.0482 0.4680 3 0.00002411 0.4736 
4 0.0675 0.3920 4 0.00003374 0.3986 
5 0.0868 0.3180 5 0.00004342 0.3249 
6 0.0964 0.2860 6 0.0000482 1 0.2929 
7 0.1061 0.2550 7 0.00005306 0.2618 
8 0.1110 0.2410 8 0.00005548 0.2477 
9 0.1157 0.2270 9 0.00005785 0.2336 

10 0.1206 0.2140 10 0.00006032 0.2205 
11 0.1254 0.2020 11 0.00006269 0.2083 
12 0.1302 0.1950 12 0.000065 11 0.2013 
13 0.1351 0.1820 13 0.00006753 0.1881 
14 0.1398 0.1740 14 0.00006990 0.1801 
15 0.1446 0.1640 15 0.00007232 0.1699 
16 0.1495 0.1590 16 0.00007474 0.1649 
17 0.1543 0.1510 17 0.00007716 0.1568 
18 0.1639 0.1410 18 0.00008 195 0.1468 
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Table 8 (contd.) 

19 0.1664 0.1380 19 0.000083 19 0.1437 

20 0.1712 0.1380 20 0.00008561 0.1439 

21 0.1736 0.1390 21 0.00008680 0.1450 

22 0.1833 0.1210 22 0.00009164 0.1265 

23 0.1929 0.1170 23 0.00009643 0.1226 
24 0.2025 0.1100 24 0.00010127 0.1156 

xxxxxx RURIK = 7 xxxxxx LASK (INITIAL GUESS): 
NUMBER OF ESTIMATED PARAMETERS 
NUMBER OF POSITIVE PARAMETERS 
NUMBER OF TWIST MATRIX ELEMENTS IN DATA 
INITIAL GUESS OF THE FIRST PARAMETER (AEXT) 
INITIAL GUESS OF THE SECOND PARAMETER (FL) 
INITIAL GUESS OF THE THIRD PARAMETER (LOG K) 
INITIAL GUESS OF THE FOURTH PARAMETER (Q) 

xxxxxx RURIK = 3 xxxxxx STEG (STEPS OF PARAMETERS): 
3 0.06 

xxxxxx RURIK = 2 xxxxxx UTTAG (RESIDUAL-SQUARE SUM): 
U = 4,14349E-02 PARAMETERS = 0.01000 0.90000 9.00000 2.00000 

xxxxxx RURIK = 5 xxxxxx SKOTT (SHOT): 
DET = I .48072E-03 
SIGY (STANDARD DEVIATION IN Y): 1.8379E-02 
KBOM (PARAMETERS) NUMBER VALUE 

3 9.28609EO 

xxxxxx RURIK = 3 xxxxxx STEG (STEPS OF PARAMETERS): 
1 0.04 2 0.01 3 0.2 

xxxxxx RURIK = 2 xxxxxx UTTAG (RESIDUAL-SQUARE SUM): 
U = 2.19640E-02 PARAMETERS = 0.01000 0.90000 9.28609 2.00000 

xxxxxx RURIK = 5 xxxxxx SKOTT (SHOT): 
DET = 1.41416E-09 
SIGY (STANDARD DEVIATION IN Y): 2.9333E-03 
KBOM (PARAMETERS) NUMBER VALUE 

1 2.29424E-03 
2 9.26916E-01 
3 9.37156E 00 

DET = 5.91280E-07 
SIK (TWIST MATRIX ELEMENTS) 
1 2 - 1.74808E-01 
1 3 1.55984E-01 
2 3 -l.l1772E-01 

xxxxxx RURIK = 2 xxxxxx UTTAG (RESIDUAL-SQUARE SUM): 
U = 3.3786lE-04 PARAMETERS = 0.00249 0.92692 9.37156 2.00000 

ALGORITHMIC PROCESS: 
1 ITERATION U = 3.3786lE-04 PAR. = 0.00249 
2 ITERATION U = 1.20580E-04 PAR. = 0.00110 

ii ITERATION U = 5.40662E-06 PAR. = 0.01337 

xxxxxx RURIK = 13 xxxxxx SKRIK (OUTPUT): 
PARAMETERS AND THEIR STANDARD DEVIATIONS: 
AEXT = 0.01337 ~0.00012 
FL = 0.94569 ~0.00013 
LOG K = 9.49520 + 0.00009 

Q = 2.00000 + - 1.00000 

CURVE FITTING IN ORIGINAL AND NORMALIZED COORDINATES: 
I V(EXP) A(EXP) A(ACAL) RESIDUAL METAL 
1 0.00988 016296’ 0.6296 ’ 0.0000 4.94E-6 
2 0.02895 0.5510 0.5510 0.0000 l.45E-5 
3 0.04821 0.4736 0.4724 0.0012 2.41E-5 
4 0.06748 0.3986 0.3966 0.0020 3.37E-5 
5 0.08685 0.3249 0.3247 0.0002 4.34E-5 
6 0.09643 0.2929 0.2918 0.001 I 4.82E-5 
7 0.10611 0.2618 0.2612 0.0006 5.31E-5 
8 0.11095 0.2477 0.2470 0.0007 5.55E-5 
9 0.11569 0.2336 0.2339 - 0.0003 5.79E-5 

10 0.12063 0.2205 0.2212 - 0.0007 6.03E-5 

DARRl DARR2 
2.86574E-02 2.86574E-02 

DARRl DARRZ 
2.25108E-03 2.25108E-03 
5.13708E-03 5.13708E-03 
l.l9959E-02 l.l9959E-02 

=4 
=4 
z 0 
= 0.01 
= 0.90 
= 9.00 
=2 

0.92692 9.37156 2.00000 
0.94758 9.47373 2.00000 

. 

0.94569 9.49520 2.00000 

M/L ALPHA 
0.0317 0.0616 
0.0928 0.1813 
0.1545 0.2990 
0.2162 0.4133 
0.2783 0.5256 
0.3090 0.5743 
0.3400 0.6217 
0.3555 0.6432 
0.3707 0.6647 
0.3866 0.6846 

Contd. 
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Table 8 (contd.) 

11 0.12538 0.2083 0.2099 -0.0015 6.27E-5 0.4017 
12 0.13022 0.2013 0.1992 0.002 1 6SlE-5 0.4173 
13 0.13506 0.1881 0.1894 -0.0013 6.75E-5 0.4328 
14 0.13980 0.1801 0.1807 - 0.0006 6.99E-5 0.4480 
15 0.14464 0.1699 0.1725 - 0.0026 7.23E-5 0.4635 
16 0.14948 0.1649 0.1651 -0.0002 7.47E-5 0.4790 
17 0.15433 0.1568 0.1584 -0.0015 7.728-5 0.4945 
18 0.16391 0.1468 0.1468 0.0000 8.20E-5 0.5252 
19 0.16638 0.1437 0.1437 0.0000 8.32E-5 0.5331 
20 0.17122 0.1439 0.1392 0.0047 8.568-5 0.5486 
21 0.17359 0.1450 0.1371 0.0079 8.68E-5 0.5562 
22 0.18327 0.1265 0.1288 - 0.0022 9.16E-5 0.5873 
23 0.19286 0.1226 0.1219 0.0007 9.64E-5 0.6180 
24 0.20254 0.1156 0.1159 - 0.0003 1.01 E-4 0.6490 

FITNESS TEST BY THE STATISTICAL ANALYSIS OF RESIDUALS: 
RESIDUAL MEAN = 8.24lE-05 
MEAN RESIDUAL = 0.0010 
STANDARD DEVIATION = 0.0015 
SKEWNESS = 1.063 
KURTOSIS = 5.002 
PEARSON’S CHI-SQUARE OBSERVED = 4.00 

THEORETICAL = 12.60 (FOR 6 D.F. AND 0.95 
PROBABILITY LEVEL) 

HAMILTON’S R-FACTOR = 0.005379 

0.7031 
0.7137 
0.7338 
0.7461 
0.7616 
0.7692 
0.7815 
0.7968 
0.8015 
0.8012 
0.7995 
0.8276 
0.8336 
0.8444 

Systematic variation of m particular parameters is 

done in block LETA, called by RURIK = 5. The 
label SKOTT introduces the “shots” fired for individ- 
ual parameters in a particular step, and the relevant 
values of U are printed in tabular form. In each 
iteration (m + 1) (m + 2)/2 shots are performed, and 
after each iteration, current estimates of the par- 
ameters and statistics are printed: SIGY means the 
value of the standard deviation of the dependent 
variable s(A) in the given iteration, KBOM lists the 
refined values of the parameters, and DARR2 their 

standard deviations. 
The twist matrix is interpreted as a rotation of the 

axis to coincide with the long axis of the ellipse. When 
parameters are varied along the direction of the main 
axes of the ellipsoidal cross-section of the pit, the 
convergence will be improved. For this purpose the 
axes of the trial parameters must be transformed, and 
the elements above the diagonal of a new (twist) 
matrix are printed after the label SIK. The PROVA 
block performs a test of the U value reached in a 
particular iteration. The lowest value of CJ, once 
found, is stored. If the calculated set of trial para- 
meters in the ith iteration gives a lower value of the 
U function than any previously found, it is accepted 
as the best set; if, however, the preceding (i - 1)th 
iteration gave a lower value of U, this previous set is 
accepted and printed by the label GAMLA KON- 
STANTER. If some earlier iteration gave the lowest 
U value, then that set of parameters is accepted and 
printed by the label SLUMPSKOTT. 

The most efficient minimization strategy seems to 
be a combination of a heuristic and an algorithmic 
process. The ill-conditioned parameters, for example, 
are heuristically refined at the beginning of the min- 
imization, and later an algorithmic refinement of all 
the parameters is performed. 

When one of the termination criteria is fulfilled, the 
minimization process terminates. Label SKRIK pro- 
duces a table of final estimates of the refined para- 
meters, with their standard deviations and the 

degree-of-fit table produced by the statistical analysis 
of residuals. These tables are the same as in MRFIT. 

The purpose of studying simulated data is (1) 
investigation of the influence of the instrumental 
error of the spectrophotometer used on the estimates 
of parameters refined, or (2) investigation of ill- 
conditioned parameters, or (3) testing the program 
validity and the reliability of parameter estimation. In 
the simulated data, the random error generated is 
used to load precise absorbance values. The resulting 
spread of points along the A us. qu curve is a good 
representation of real experimental data. 

Table 9 shows how the calculated estimates of the 
three parameters depend on the simulated instrumen- 
tal error, q,,,(A). The set of generated random errors 
is statistically tested in order to find whether its 
distribution is Gaussian. The reliability of the calcu- 
lated parameter estimates may be classified according 
to the agreement between the statistical character- 
istics of the set of random errors and the set of 
residuals. The original mole-ratio curve, along which 
the random errors are spread, should be identical 
with the calculated mole-ratio curve, so each residual 
should be of the same magnitude as the 
corresponding random error of the particular point 
but of opposite sign. 

Because all the computational conditions were kept 
constant, and only s,,,,(A) was changed, Table 9 
illustrates the effect of randomization. Well- 
conditioned parameters are estimated accurately 
within the tolerance of their standard deviations but 
ill-conditioned parameters are estimated with a great 
deal of uncertainty and not accurately. This illus- 
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Table 10 

(1) 

(2) 

Mathematical model 

Parameters refined 
Stability constants a,,, of: 
Molar absorptivities y,_ of: 
Stoichiometric coeffictents p, 4: 

(3) 
(4) 

Effective concentration factor of 
ligand used, fr 
Minimization procedure 
Strategy of minimization process 

(5) Estimation reliability of parameters 
Statistical tests 

(6) Simulation of experimental data 
(7) Plot of fitted mole-ratio graph 

LETAGROP-SPEF0’4 

Mass-balance equations 
and Beer-Lambert Law 

All consecutive complexes 
All consecutive complexes 
For each complex by means 

MRLET MRFIT 
-- 

Recursive expression for 
photometric titration curve 

One prevailing complex ML, 
One prevailing complex ML, 
p= 1, P and q 

of SPECIES SELECTORI q to be 
estimated 

are known 
constants 

No 
LETAGROP programI 
Heuristic only 

Yes 
LETAG routine”’ 
Heuristic 
and/or 
algorithmic 

Yes 
FIT routine” 
Algorithmic 
only 

No 
No 
No 

Yes 
Yes 
Yes 

Yes 
Yes 
Yes 

trates the danger of applying algorithmic non-linear 
regression to experimental data, when the true values 
of the parameters sought are unknown. 

CONCLUSIONS 

The programs MRLET and MRFIT offer consid- 
erable advantages over LETAGROP-SPEF0,‘4 the 
most obviously comparable program. Table 10 com- 
pares and contrasts some of the features of the three 
programs. 
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Summary-The mechanism of CO,-exchange between the atmosphere and sea-water was re-examined by 
simultaneously measuring pH and ~0, in artificial sea-water exposed to CO, and air atmospheres. The 
data were fitted to an exchange model by using both the differential and integral forms of the diffusion 
equation. It was found that the pH and p0, data support the assumption that the exchange for these gases 
is driven by the gradient of the partial pressure of the gas across the imaginary solution-gas boundary 
layer (the z layer) and is not affected by chemical reaction or hydration rate under the experimental 
conditions used, viz. l-100 meq/l., alkalinity, pH 4.5-8.3 and z-layer thickness 2-500 pm. It is concluded 
that the rate of hydration of CO, plays an insignificant role in the exchange mechanisms between the 
atmosphere and the oceans. 

Exchange of CO2 between the gas and liquid phases 
is a fundamental process in many scientific and 
technological disciplines. The process is crucial in 
regulating CO, concentration in the oceans and at- 
mosphere, a topic which has recently been of much 
concern in connection with the very high production 
of CO2 due to the utilization of fossil fuel by modern 
technology. ‘,2 The fact that dissolved CO2 undergoes 
hydration to produce carbonic acid and that the acid 
further dissociates into bicarbonate and carbonate 
ions, raises the question of possible effects of these 
reactions on the exchange process. The simplified 
model generally used to describe gas exchange be- 
tween the gas and liquid phases is the film model3 It 
consists of an imaginary stagnant solution layer (the 
z layer) separating the gas phase from the bulk of 
solution, both of which are assumed to be well mixed. 
The exchange process between the two phases is thus 
assumed to be controlled by molecular diffusion of 
the dissolved gas through the z layer. In the case of 
CO,, this simple model is complicated by the fact that 
CO, reacts with the water and the transport process 
might therefore be dependent on the hydration kinet- 
ics as well as the migration rates of a number of 
species, such as HCO; and CO:-. A number of 
investigators have studied this question analytically 
and experimentally. The proposed methods ditler 
with regard to the assumptions made concerning the 
carbonate chemistry within the layer. Bolin,4 and 
Hoover and Berkshire’ assumed the pH to be 
constant within the layer, Quinn and Otto6 assumed 
electroneutrality, whereas Emerson’s approach7.8 
permitted alkalinity and ionic gradients within the z 
layer. The different models predict similar behaviour: 
a transport rate which is dependent on pH and the 
thickness of the boundary layer. Attempts to verify 

the proposed models experimentally were made by 
Hoover and Berkshires and Liss.’ In both cases 
exchange of CO, was monitored by tagging the 
dissolved CO2 with 14C and monitoring the residual 
radioactivity in solution after loss of CO2 to the 
atmosphere. The experiments were done with solu- 
tions buffered at low and high pH (N 5 and -8 
respectively). 

It is questionable whether the experimental pro- 
cedures used in previous studies are capable of simu- 
lating natural processes, for at least two reasons. 
First, it is unknown whether a tracer diffusion 
(14C02) is indeed quantitatively equal to bulk 
diffusion of CO,.‘O Secondly, application of a buffer 
to control the pH introduces an artificial restriction 
not found in natural environments such as oceans 
and lakes, in which the pH is mainly controlled by the 
carbonate system.” A constant pH implies a constant 
H,CO,/HCO, ratio independent of total CO, in 
sea-water, which is contrary to the behaviour of the 
oceans. Consequently, the results of these experi- 
ments may not reflect the actual behaviour of a 
solution such as sea-water in which the carbonate 
system is the main buffer. The purpose of the 
present study was to examine the process of CO, 
exchange between the atmosphere and sea-water 
over a large pH range under solution-chemistry 
conditions which simulate those of the oceans. 
This was accomplished by measuring simultaneously 
the partial pressures of CO2 and 0, in sea-water 

solutions which were exposed to overlying atmos- 
pheres of air and C02. The purpose of simul- 
taneously monitoring p02 and pC0, was to permit 
the comparison of an inert gas (0, under these 
exchange conditions) and a chemically reactive gas 

032). 
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Heat 

\ Plastic Beaker 

Magnetic Stmer 

Fig. 1. Experimental assembly (DO SENSOR = dissolved oxygen sensor). 

EXPERIMENTAL 

The apparatus (Fig. 1) consisted of a covered beaker kept 
at constant temperature, pH and dissolved-oxygen elec- 
trodes, and a computerized data-acquisition system.” The 
experiments were done at 25” on 2-litre samples of artificial 
Mediterranean sea-water’2 with alkalinity in the range 
1-lOOmeq/l. The solutions, stirred by a magnetic stirrer, 
were exposed to a CO2 and air atmosphere at atmospheric 
pressure (cu. 980 mbar) and the resulting changes in pH and 
dissolved 0, were monitored, with reading every 0.5-2 min. 
In some experiments, the exchange between the gas and 
liquid phases was accelerated by bubbling the gas through 
the solution. The pH change during the experimental runs 
was from pH 4.5 to pH 8.3. The dissolved-oxygen electrode 
was similar in design to the one described earlier.“,14 The 
membrane was a 2.4 x IO-‘cm (I mil) thick Teflon film. 

In some experiments pC0, was also measured directly 
with a membrane electrode (ORION, type 9502), but the 
results were not used in the regression analysis. 

RESULTS AND DISCUSSION 

The partial pressure of CO, (pCOz) and concen- 
tration of total CO, (TCO,) solution, during the 
experimental runs, were calculated from the carbon- 
ate alkalinity and pH by using the apparent constants 
of the carbonate system at the given salinity:” 

pco, = 
CAxai 

K; c(, [a” + 2K;] 

and 

TCO, = CA 
a,K;+K;K;+af+ 

aH K; + 2K; K, I 
(2) 

where CA = carbonate alkalinity; K; = first apparent 
dissociation constant of carbonic acid, K; = second 
apparent dissociation constant of carbonic acid, 
IX, = solubility of CO,, a+, = hydrogen-ion activity. 

The CO? and O2 data for the transition from low 
to high pH (Fig. 2), were fitted to the simple gas- 
exchange model:’ 

dC 

dr= 

where C = concentration of the gas (mole/ml), 
D, = diffusion coefficient of the gas c (cm*/sec), 
z = thickness of stagnant diffusion layer (cm), 
tl, = solubility of the gas c (mole.cm-‘. atm-’ ), 

pc = partial pressure of gas c (atm), A = area of the 
solution (cm*) in direct contact with the atmosphere, 
V = volume of solution (cm’) and the subscripts b 
and s denote the bulk solution and boundary layer 
respectively. 

The model assumes that the driving force of the 
exchange process is dependent on the partial-pressure 
gradient of the pertinent gas across the z layer (or the 

0 25 50 75 100 125 150 175 200 22.5 250 

Time f hr) 

Fig. 2. Typical response of pH, p0, and pC0, of solutions 
to a change in the overlying atmosphere, in the sequence 

air-CO,-air. 
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concentration gradient of HrCO: = [CO,(aq) + 
HzCO,]) and neglects kinetic effects, and migration 
of ionized species such as HCO; . It is also assumed 
that pCOZ, at any instant can be calculated from the 
pH and carbonate alkalinity. That means that hy- 
dration and ionization-rate effects are assumed to be 
insignificant in comparison with the overall time 
constant of the exchange process, i.e., the carbonate 
system in the bulk solution can be considered to be 
in equilibrium at any instant. 

The explicit equations for Or and CO, exchange 
are: 

do, Dopoz Do uo 
dt= zh PO,, + * PO*, (4) 

-“o 
L-- 

002 004 006 008 010 012 014 016 018 020 

pco, Ix 10-l atm) 

Fig. 3. Typical regression of dTCO,/dr =f(pCO,) in the 
derivative form. 

Dco,“coz dTCQ _ DC, clco 
dt zh PCO2, + zh 1 PCO2$ (5) 

where 

(6) 

and h = height of solution in beaker (Fig. 1). 
The parameters D/z and pc, were estimated for 

each experimental run by fitting the data to the linear 
equation: 

y=ax+b (7) 

where y = dTCO,/dt, x = PC,, a = - D,ct,/zh, 
6 = D,a,pcJzh, from which we obtain 

>-ah D 
- 

Z cr, 

and 

pc, = b/a 

where c denotes 0, or TCO,. 
The derivatives for each point were obtained by 

using a modified numerical differentiation method 
with an inherent smoothing effect,is,i6 to reduce 
differentiation noise. The equation for the ith value 
for a backward numerical differentiation was estab- 
lished as 

dC 
x (i) = &[-2C(‘-2)-C(i-1) 

s 

+ C(i + 1) + 2C(2 + i)] (8) 

where t, is the sampling time. 
A second approach to reduce the fitting scatter 

further was also used. It was based on the integral 
form of equations (4) and (5), which can be repre- 
sented by: 

TC= -2 
s 

pcbdt +g,, 
s 

dt (9) 

or, in its numerical form: 

TCi=-%ipc,,i+$pcSii (10) 
0 0 

In this case, the data were fitted to a two-variable 

equation of the form: 

y = ax, + bx, 

with 

yi = TC,, 

(11) 

I 

xI, = c pcb,k 

0 

x2, = 1 i, 
0 

a = Da,/zh, 

b = da,pc,/zh. 

Typical fitting curves for the differential and inte- 
gral forms are depicted in Figs. 3 and 4. 

The data from all the experiments were found to fit 
the simple model of equation (1) for both O2 and 
CO,, which assumes that the flux is controlled solely 
by the partial-pressure gradient between the solution 
and gas phases (Tables 1 and 2). The excellent fit of 
the data to the model suggests that kinetic effects 
associated with the hydration rate of CO2 are negli- 
gible over the range of conditions used in the experi- 
ments. It was found that by using this model along 
with the derived numerical values of D,%/z for a 
given experiment, the change in TCO, during the 
experimental cycle can be accurately simulated (Fig. 

1 
32 

TCO;, Cakulated 11O-3 nwle/cm’l 

Fig. 4. Measured TCO, vs. predicted (TCO, calculated) 
during a typical experimental run. 
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Table I. Summary of experimental results for 0, exchange 

Gas Correlation Confidence 
Alkalinity Do,lz*, coefficient, limitst, ztj, 

Experiment Atmosphere Flow meq /I. pH range IO-‘cm/set R’ “’ 
/C> w 

I Air Surface 
1 CO? Surface 
2 Air Surface 
2 COZ Surface 
3 Air Bubbles 
3 CO, Bubbles 
4 Air Bubbles 
4 CO, Bubbles 
5 Air Surface 
5 CO2 Surface 

* Limits are + 2~. 
t Based on x2 test. 
@Assuming Do2 = 2.12 x 10~5cm*/sec. 

10 
10 

1 
I 
1 
1 

10 
10 

100 
100 - 

5.4-7.0 2.88 & 0.04 0.9918 > 99 73.6 
5.6-7.8 2.62 + 0.22 0.9920 > 20 80.9 
4.7-6.4 2.80 k 0.07 0.973 1 > 95 75.7 
4.8-4.9 3.13 + 0.37 0.9395 > 80 67.7 
4.4-5.7 38.7 + 1.0 0.9930 > 90 5.56 
4.4-7.4 45.6 + 0.8 0.9976 z 80 4.64 
5.47. I 70.3 k 4.6 0.9795 > 50 3.01 
5.4-6.5 104.4 + 2.9 0.9924 > 99 2.03 
6.6-7.8 3.95 &- 0.06 0.9940 > 98 53.7 
6.6-7. I 7.53io.13 0.9968 > 80 28.2 

4). We conclude therefore that this model represents 

to a high degree of accuracy the process of gas 
exchange for both CO, and 0,. It is also found that 
the diffusion coefficients of the two gases (when 
expressed as a function of partial pressures) is numer- 
ically identical, within 3% (Table 3). 

Rigorous statistical analysis of typical experi- 
mental runs did not reveal any significant difference 
between the data points at low pH and those at high 

pH (Table 4). Such a difference should have been 
observed if previously suggested models were ac- 
cepted.4.5 

The results of the present study seem to conflict 
with the conclusions of previous investigations al- 
though a direct comparison between our data and 
previous results is impossible owing to the difference 
in the experimental techniques used. Previous studies 
seem to suggest that a kinetic enhancement should be 

Table 2. Summary of experimental results for CO, exchange 

Experiment 

1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 

Gas 

Air Surface 

co2 Surface 
Air Surface 
co, Surface 
Air Bubbles 

CO, Bubbles 
Air Bubbles 

co> Bubbles 
Air Surface 
co2 Surface 
Air Surface 

Flow 
Alkalinity 

meq /I. 

10 
10 

I 

10 
10 

100 
100 

2.4 

pH range 
Do,/:‘. 

IO-‘imlser 

5.4-8.0 2.63 f 0.02 
5.67.8 3.16 k 0.47 
4.7-7.8 2.64 & 0.02 
4.84.9 5.24 + 1.60 
4.3-7.6 35.2kO.11 
4.4-7.4 48.6 k 2.2 
5.4-8.3 69.7 k 0.25 
5.4-6.5 113.9*3.1 
6.6-8.3 3.71 * 0.03 
6.67. I 5.38 + 0.63 
4.9-7.9 0.41 * 0.001 

Correlation 
coefficient, 

R’ 

Confidence 
limits?. 

0, 
0 

0.9926 > 90 73.6 
0.8224 > 0.1 80.9 
0.9890 > 99 75.7 
0.6930 > 80 67.7 
0.9990 z 98 5.56 
0.9984 > 95 4.64 
0.9990 > 99 3.01 
0.9926 > 50 2.03 
0.9906 > 95 53.6 
0.8809 >5 28. I 
0.9999 > 99 4851 

* Limits are + 2~. 
t Based on xz test. 
0 Calculated from 0, data assuming Do2 = 2.12 x 10d5 cm’/sec. 
1 Assuming D,,, = 1.97 x 10~5cm2/sec. 

Table 3. Calculated ratio of O2 and CO, diffusion coefficients 

Gas 

Experiment Atmosphere Flow 
Alkalinity 

meq /I. 

Air Surface 

CO* Surface 
Air Surface 

CO* Surface 
Air Bubbles 
co2 Bubbles 
Air Bubbles 

CO, Bubbles 
Air Surface 
co, Surface 

10 
10 

I 
I 

10 
10 

100 
100 

Do,lDo,* 
1.09 * 0.02 
0.82 + 0.14 
1.06 k 0.02 
0.59 f. 0.20 
1.08 f 0.03 
0.93 * 0.05 
I .oo + 0.07 
0.91 + 0.04 
I .06 + 0.02 
I .39 + 0. I7 

zt, 
w 
73.6 
80.9 
75.7 
67.7 

5.56 
4.64 
3.01 
2.03 

53.7 
28.2 

* Limits are * 2~. 
P Assuming Do2 = 2.12 x 10m5 cm’/sec. 
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Table 4. Statistical analysis of data sections of experiments 1 and 2, for surface flow of air, to examine possible variation 
of D as a function of pH. 

Correlation Confidence 

Alkalinity, No. of Dco, 1~7 coefficient, limits,? F-test, z§, 

Experiment meq Il. points pH range IO-’ cmlsec R2 % % pm 

1 10 150 5.46.9 2.62 k 0.05 0.9880 73.6 
I 10 150 6.9-7.8 2.70 k 0.05 0.9862 13.6 
1 10 150 7.8-8 2.34 f 0.60 0.2883 73.6 
1 10 450 5.48 2.62 * 0.03 0.9880 > 90 < 10 13.6 
2 1 160 4.7-6.4 2.64 f 0.06 0.9828 75.1 

2 1 160 6.4-7.3 2.61 &- 0.06 0.9809 15.7 
2 1 160 7.3-7.8 3.64 + 1.37 0.1524 75.7 
2 1 480 4.7-7.8 2.64 + 0.03 0.9828 > 95 < 10 15.7 

* Limits arc + (r, 
t Based on x2 test, 
0 Assuming Do, = 2.12 x 10~‘cm2/sec. 

observed at high pH for experiments with a z layer 
about 300 pm thick. Our results do not support such 
a conjecture, as we did not observe any difference 
between the results for high and low pH even for a 
z layer about 500 pm thick. Therefore, the question 
of kinetic enhancement can be excluded in discussion 
of CO, exchange between the atmosphere and the 
oceans, for which the z layer has been estimated to 
be in the range 3&70pm thick.“,” Hence the only 
CO* flux that should be considered in this case is the 
one directly associated with, and linearly propor- 
tional to, the pCOz gradient across the z layer. 
However, the time constant of the response of the 
oceans to change in atmospheric pC02 will none the 
less be dependent on the chemical reactivity of CO, 

in sea-water.” As a result of hydration of CO, and 
subsequent ionization, the increase in pCOz due to 
CO, invasion is much smaller for the pH range of 
normal sea-water than the increase at low pH. It can 
be calculated, for example, that at pH 8.2 an increase 
of 1 pmole/l. in the TCO, concentration in sea-water 
will result in an increase of 2.2 ppm in pCO,, whereas 
the same increase in TCOz will cause a change of 
36 ppm in pCOz at pH 5. Consequently, the decrease 
in CO, flux due to increase in TCO, in the ocean will 
be slower, reducing the time required for reaching 
equilibrium. 

Although the experimental results of the present 
study disagree with the results of previous in- 
vestigations, the general conclusion concerning the 
minor effect of hydration rate on exchange of CO, 
between the atmosphere and the oceans, has already 
been stated by a number of investigators. The esti- 
mated thickness of the z layer in the oceans is about 
70pm, for which previous models also suggest a 
negligible kinetic enhancement. However, augmen- 
tation of the hydration rate could be important in 
other areas. It has been suggested, for example, that 
reflux of CO, from the urinary tract to the blood 
could be highly dependent on the kinetics of hy- 
dration of CO,.*’ In this case, the thickness of the 

membranes through which the CO2 diffuses is consid- 
erably larger than that of the z layer in the oceans, 
and the effect of rate of hydration could be im- 
portant. A better assessment of the exchange mech- 
anism may be obtainable when more experimental 
data for thick diffusion layers are available. 
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BEITRiiGE ZUR FRAGE DER EXISTENZ EINES 
TAUTOMERENGLEICHGEWICHTES IN LijSUNGEN 

VON DITHIZON IN ORGANISCHEN SOLVENZIEN-I 

DIE KORRELATION ZWISCHEN DEN LtZSUNGSMITTELABHiiNGIGEN 
REAKTIONSUNTERSCHIEDEN IN DEN SYSTEMEN 

PALLADIUM/DITHIZON UND KUPFER/DITHIZON UND DEN 
LdSUNGSMITTELABHikNGIGEN UNTERSCHIEDEN DER SPEKTREN 

DER DITHIZONL&UNGEN 

H. WAGLER und H. KOCH 

Zentralinstitut fiir Isotopen- und Strahlenforschung der AdW der DDR, Leipzig, DDR 

(Eingegangen am 20. Dezember 1983. Revidiert am 23. April 1984. Angenommen am 7. Mai 1984) 

Zusammenfassung-Beim Einsatz substiichiometrischer Reagenzmengen zeigten signifikante 
IBsungsmittel- und milieuabhingige Reaktionsunterschiede in den Systemen Palladium/Dithizon und 
Kupfer/Dithizon differenziertes Reaktionsverhalten von Dithizon gegeniiber Metallen an, was zunlchst 
qualitativ auf die Existenz eines Tautomerenpaares in Dithizonliisungen hindeutet. Die Re- 
aktionsunterschiede korrelieren eindeutig mit den Unterschieden in den Spektren der Dithizonliisungen. 
Gestiitzt auf diese Differenzen konnten die Aussagen zur Tautomerie iiber ein mathematisches Opti- 
mierungsverfahren zur Bandentrennung quantifiziert werden und erstmalig die Einzelspektren der beiden 
tautomeren Formen ermittelt werden. 

Dithizon (Diphenylthiocarbazon, H,Dz) wurde von 
Fischer’ als photometrisches Reagens fiir Schwerme- 
tallspuren in die Analytik eingefiihrt und ist seitdem 
ein bekanntes und bewihrtes Reagens geworden,2 
obwohl einige grundlegende Fragen des Reak- 
tionsverhaltens bis heute noch nicht endgiiltig ge- 
kliirt sind. 

Die Frage beziiglich mbglicher Tautomerie in Lii- 
sungen von Dithizon in organischen Solvenzien 
wurde von Irving3 noch unter die Rubrik der un- 
gel&ten Probleme eingeordnet. 

Fischer4 hatte auf Grund des Reaktionsverhaltens 
von Dithizon gegeniiber Metallen Thioketo-Thiol- 
Tautomerie angenommen, wogegen die Ergebnisse 
von IR-Untersuchungen, MO-Berechnungen, NMR- 
Untersuchungen und das Fehlen einer signifikanten 
Temperaturabhangigkeit der Spektren als Hinweis 
bzw. Beweis fiir das Vorliegen nur einer Spezies 
angesehen werden.%’ 

Jedoch ist und bleibt die auffillige mit bekannten 
tautomeren Systemen korrelierende Msungs- 
mittelabhgngigkeit der Spektren der Dithizon- 
liisungen (Abb. 1) bei Verneinung eines Tauto- 
merengleichgewichtes das Problem,3,&‘o so da13 die 
Frage beziiglich m6glicher Tautomerie weiter im 
Disput ist. 

Auf die Problematik der Tautomerie in Liisungen 
von Dithizon in organischen Solventien wurden wir 
beim Einsatz von Dithizon als Chelatbildner fiir 
substiichiometrische Abtrennungen aufmerksam.” 

Ausgangspunkt war die Aufgabenstellung gewesen, 
Kupferspuren in Halbleitermaterialien und Pal- 
ladiumspuren in Katalysatormaterialien mittels 
quantitativer Isotopenverdiinnungsanalyse durch 
Solventextraktion von Metallchelaten zu bestimmen. 

Voraussetzungen fiir diese radiochemische Me- 
thode sind das Vorhandensein eines Radionuklides 

hoher spezifischer Aktivittit des zu bestimmenden 
Elementes und eines Reagenses, das im Spuren- 
bereich noch zu quantitativ einheitlichem und exakt 
stiichiometrischem Umsatz mit den Metallionen 
befihigt ist. Im Gegensatz zur Photometrie wird bei 
dieser Methode mit substiichiometrischen Re- 
agensmengen gearbeitet. Es gibt nur wenige geeignete 
Reagenzien fiir substiichiometrische Abtrennungen. 
Dithizon wurde von RdiiEka und Starjr als geeignetes 
Reagens empfohlen und such schon vielfach bei 
subst6chiometrischen Bestimmungen angewandt,12-15 
wobei stillschweigend vorausgesetzt wurde, dal3 Dithi- 
zon quantitativ einheitlich reagiere, das heiBt, kein 
Tautomerengleichgewicht vorliege bzw. die Re- 
aktivitlt gegeniiber Metallen auf die Thiol-Form 
beschrlnkt sei. 

Bei unseren Voruntersuchungen zu den sub- 
stiichiometrischen Bestimmungen deuteten Be- 
sonderheiten im System Palladium/Dithizon (siehe 
Tabelle 1) und signifikante Reaktionsunterschiede zu 
dem System Kupfer/Dithizon auf differenziertes Re- 
aktionsverhalten von Dithizon gegeniiber Metallen 
hin, so daB zunHchst der Frage der Tautomerie 
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Abb. 1. Spektren 2,10mSM Dithizonliisungen: 1, H,Dz in 
Chloroform; 2, H,Dz in 2-Propanol; 3, H,Dz in 

Tetrachlorkohlenstof 4, H,Dz in Cyclohexan. 

nachgegangen werden mu&e, bevor die Erarbeitung 
fundierter substiichiometrischer Bestimmungen in 
Angriff genommen werden konnte; wobei vor allem 
die substochiometrische Pd-Bestimmung mit Dithi- 
zon nicht unproblematisch ist.16 

EXPERIMENTELLES 

Reaktionsunterschiede in den Systemen PdIH, Dz und 
Cu/HZDz 

Da such geringe Reaktionsunterschiede erfal3t werden 
sollten, ergaben sich hohe Reinheitsanforderungen an alle 
verwendeten Glasgerate und Chemikalien. 

Fiir die Reinigung van Dithizon und das Herstellen der 
Stammlosungen hat sich die folgende Prozedur bewlhrt: 
Lijsen des Dithizons in Chloroform, Reextrahieren mit 

verdiinnter Ammoniakliisung, Wiederausf$llen durch Ein- 
leiten von SO, (unter Kiihlung), Neutralwaschen des 
Dithizon-Niederschlages mit bidest. Wasser und Wasserfrei- 
Waschen mit gekiihltem Methanol. AnschlieBend wird mit 
dem organischen Solvenz methanolfrei gewaschen, das zur 
Bereitung der Stammliisung verwendet werden sol1 (ge- 
kiihltes Liisungsmittel!), und die Stammliisung hergestellt. 
Die Arbeitslosungen, meist 2.10-5M, wurden unmittelbar 
fiir jede Versuchsserie durch Verdiinnen bereitet. 

Die Titerbestimmung erfolgte photometrisch und radio- 
metrisch unter Einsatz von “OrnAg. Fur die photometrische 
Titerbestimmung wurden nicht nur die Extinktionen im 
Maximum aufgenommen, sondern das gesamte Spektrum 
zwischen 400 und 670 nm.” 

Die Stammliisungen wurden im Kiihlschrank aufbewahrt 
und bis zu 14 Tagen verwendet. In dieser Zeit wurden 
keinerlei Titerverschiebungen beobachtet. In den ver- 
diinnteren Arbeitslosungen konnten dagegen zum Teil Ver- 
anderungen (nicht oxydativer Art) beobachtet werden: bei 
H, Dz in Ccl, zu E620/E450 < 1.65 und bei H, Dz in C, H ,z zu 
“Rosa-Dithizon” mit I mar bei 530 nm.*’ 

ERGEBNISSE 

Zu den Reaktionsunterschieden in den Systemen 

PalIadiumlDithizon und KupferlDithizon 

Auf deuthche Unterschiede in den beiden Systemen 
wiesen bereits Meriwether und Mitarbeite? hin. 

Die milieuabhangige Gleichgewichtsverschiebung 
zwischen dem 1: 2 und dem 1: 1 Cu-Dithizonat verlief 
quantitativ: 

2CuDz + 2H+ + Cu(HDz), + Cu*+ 

Cu(HDz), + OH-+CuDz + HDz- + H,O 

wogegen die Umwandlung des 1: 1 Pd-Dithizonates 
durch Veranderung des pH-Wertes nur partiell und 
die des I:2 Pd-Dithizonates in das 1: 1 Pd-Dithizonat 

iiberhaupt nicht gelang: 

2PdDz + 2H+$Pd(HDz), + Pd2+ 

nur zu ca. 25% (H,Dz in CHCI,) 

Pd(HDz), + OH-t, PdDz + HDz- + H,O 

Besonderheiten im Sysiem PalladiumlDithizon 

Schwierigkeiten bei der Festlegung der Stochiometrie der Reaktion. 

Differenzen zwischen radiometrisch und photometrisch ermittelten Pd- 
Gehalten der organischer Phase bei Zugabe stiichiometrischer und/oder 
iiberschiissiger Dithizonmengen+Abweichungen vom Beer’schen Gesetz. 

Abweichungen beim Mischen aquimolarer Liisungen. 

Komplexzusammensetzung nach der Job-Methode, saures Medium: photo- 
metrische Werte nicht interpretierbar, die radiometrischen Werte wiesen das 
Reaktionsoptimum fiir H,Dz in CHCl, bei 0.69 Teilen Pdz+ und 0.81 Teilen 
H,Dz und fur H,Dz in Ccl, bei 0.525 Teilen Pd*+ und 0.975 Teilen H,Dz 
aus. 

Tabelle 1. Beobachtete Besonderheiten im System Palladium/Dithizon (detailliertere Angaben in Zitat I 1) 
Literaturzitate iihnlicher 

Efekte im System Pd/H,Dz 
bzw. in anderen Me/H>Dz-Systemen 

17-21 

21-23 

24 

Im alkalischen Medium existiert kein 1:l Pd-Dithizonat. 
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Tabelle 2. Die umgekehrt proportional verlaufende Milieu- und Lo- 
sungsmittelabhangigkeit in den Systemen Pd/H,Dz und Cu/H,Dz 

Extraktionszunahme fiir 
Organ&he Solvenzien !!&! Medium der 
fur Dithizon E max* Palladium Kupfer wlBr. Phase 

Chloroform 2.5 T I sauer 
Tetrachlorkohlenstof 1.65 
Cyclohexan 1.1 1 alkahsch 

Tautomerengleichge- 
wichtsverschiebung 

zugunsten der _ 
Thioketo- Thiol-Form 

Meriwether und Mitarbeiter fanden such cha- 
rakteristische Unterschiede in den JR-Spektren der 
1: 1 Dithizonate. Im IR-Spektrum des 1: 1 Cu- 
Dithizonates konnte keine NH-Bande gefunden wer- 
den, wogegen im IR-Spektrum des 1: 1 Pd- 
Dithizonates noch eine NH-Bande nachweisbar war. 

Wie wir feststellen konnten, passen die Reaktionen 
zwischen Pd2+ und Dithizon, im Gegensatz zu denen 
von Cu*+ und Dithizon, nicht in das allgemeine 
Schema, das Iwantscheff2 fur alle zweiwertigen 
Schwermetalle angibt: saures Medium und 
ReagensiiberschuB-+Bildung der 1:2 Dithizonate; al- 
kalisches Medium und ReagensmangekBildung 
der 1: 1 Dithizonate. 

Meriwether und Mitarbeiter gehen davon aus, da0 
alle 1: 1 Dithizonate zweiwertiger Metalle Ver- 
bindungen des Dianions von Dithizon seien, wahrend 
Iwantscheff beschreibt alle 1: 1 Dithizonate mit einem 
Anion als Zweitligand. 

Bei den 1: 1 Dithizonaten miissen aber zwei 
Komplextypen unterschieden werden: 

die Sub-Dithizonate: Beteiligung von Anionen an 
der Komplexbildung bei Reagensmangel, saures Me- 
dium, z.B. PdHDzX, 

die sekundaren Dithizonate: Verbindungen des Di- 
anions, Bildung im alkalischen Milieu bei Re- 
agenzmangel, z.B. CuDz. 

Die intensiven Studien zum Extraktionsverhalten 
in den Systemen Pd/H,Dz in der Kombination 
Radiotracertechnik/Photometrie bei Vorgabe sub- 
stijchiometrischer Reagensmengen (Einsatz Iqui- 
molarer Liisungen von Dithizon in verschiedenen 
organischen Solvenzien) bestltigten das differenzierte 
Reaktionsverhalten von Dithizon gegeniiber Metal- 
len. Die Milieu- und Lbsungsmittelabhangigkeit ver- 
lauft umgekehrt proportional, woraus gefolgert wer- 
den kann, dal3 die beiden Metalle mit verschiedenen 
Tautomeren von Dithizon reagieren (Tabelle 2). 

Auf Grund des chemischen Verhaltens von Dithi- 
zon, gestiitzt auf eigene NMR-Untersuchungen und 
unter Einbeziehen der Literaturangaben, wurde eine 
Zuordnung der Reaktionen zu denen der Thioketo- 
und denen der Thiol-Form moglich.” 

Im alkalischen Milieu liegt das Tauto- 
merengleichgewicht ganz auf der Seite der Thiol- 

Form, im sauren Medium verschiebt es sich 
zugunsten der Thioketo-Form.“,‘6 (Signifikante 
Strukturunterschiede der Same-Base-Formen des 
Dithizons wurden kiirzlich such iiber Raman- 
spektroskopische Untersuchungen offenkundig.27) 

SchluJfolgerungen aus den Reaktionsunterschieden 

Die Reaktionsunterschiede in den Systemen 
Palladium/Dithizon und Kupfer/Dithizon korrelieren 
eindeutig und unverkennbar mit dem In- 
tensitatsverhaltnis der beiden Maxima der VIS- 
Spektren der Dithizonlosungen (Abb. 1); demnach 
mul3 das Intensitatsverhaltnis R = E6,0/E450 eine 
charakteristische GroSe fib die Tautomeren- 
verteilung sein.“,‘7.28,29 

Prtizisierung der Tautomerenverteilung in Liisungen 

von Dithizon in Chloroform, Tetrachlorkohlenstof, 
Cyclohexan und 2-Propanol iiber die VIS-Spektren 

Zu qualitativen als such zu quantitativen Aussagen 
beziiglich der Lage eines Tautomerengleichgewichtes 
konnen chemische und verschiedene physikalische 
Methoden herangezogen werden. Konkrete Aussagen 
zu erhalten bereitet jedoch Schwierigkeiten, da durch 
chemische Reaktionen das Tautomerengleichgewicht 
verschoben werden kann und such nicht alle physi- 
kalischen Methoden, wie z.B. IR-, NMR- und 
UV/VIS-Spektrometrie fur jedes tautomere System 
mit gleichem Erfolg eingesetzt werden kiinnen. 

Sowohl IR- als such NMR-Untersuchungen blei- 
ben fur Dithizon auf Chloroformlosungen be- 
schrankt, da die Loslichkeit in den anderen Lo- 
sungsmitteln zu gering ist (in Cyclohexan nur -0,05 
mM, in Tetrachlorkohlenstoff -2mM und in Chlo- 
roform - 70mM). Allein die VIS-Spektrometrie 
bietet gute Untersuchungsmoglichkeiten. 

Ausgehend von den charakteristischen lo- 
sungsmittelabhtingigen Unterschieden in den VIS- 
Spektren kiinnen Aussagen zur Lage des Tauto- 
merengleichgewichtes gewonnen werden. 

Bisher wurde bei Annahme der Existenz eines 
Tautomerengleichgewichtes in Dithizonlosungen je 
eine Bande des sichtbaren Spektrums je einem 
Tautomeren zugeordnet.3.‘0,28-32 
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Tabelle 3. Tautomerenverteihmg nach der (in diesem Fall unbefriedigende Ergebnisse liefemden) 
Methode von Fabian 

Organ&he Solvenzien I,,,,, Gnarl 7 Lx* 3 %ld 1 Thioketo- 
fur Dithizon nm I.mole-‘.cm-’ nm I.mole-‘.cm-’ 6 1% Form, % 

Chloroform 605 4.0 x lo4 445 1.6 x IO4 2.5 71.9(l) 
2-Propanol 600 3.5 x 104 440 1.75 x IO4 2.0 66.4 (2) 
Tetrachlorkohlenstof 620 3.3 x 104 450 2.0 x IO4 1.65 62. I (3) 
Cvclohexan 630 2.6 x IO4 450 2.35 x IO4 1.1 52.6 (4) 

Berechnungsversuch der Tautomerenverteilung bei 
Zuordnung je einer Bande zu je einem Tautomeren 

In Anlehnung an die Berechnung des Pro- 
zentgehaltes an Enol in Monothioacetylaceton in 
verschiedenen organischen Solvenzien, wie sie von 
Fabian’-’ ausgefiihrt wurde, sol1 die Berechnung iiber 
die Extinktionen der Maxima erfolgen. Fur Dithizon 
mtil3te die Zuordnung des Maximums 1 (E,) zur 
Thioketo-Form und des Maximums 2 (Q) zur Thiol- 
Form erfolgen. Es erglbe sich: 

% Thioketo-Form = E,,,, /(E,,,, + E,,,~). 

Fabian weist darauf hin, dal3 diese Be- 
rechnungsmethode nur dann befriedigende Er- 
gebnisse liefert, wenn 3 Voraussetzungen erfiillt sind. 

1. Bei den einzelnen Maxima darf nur eine 
tautomere Form absorbieren. 

2. Die molaren Extinktionskoeffizienten beider 
Tautomerer miissen gleich sein. 

3. Die liisungsmittelabhangigen Unterschiede in 
der molaren Absorption jedes einzelnen Tautomeren 
miissen vernachlassigbar sein. 

Zur Uberpriifung der Giiltigkeit der in die Rechnung 
eingegangenen Voraussetzungen wurden die nach der 
Formel von Fabian berechneten Prozentgehalte an 
Thioketo-Form (Tab. 3) in Abhangigkeit der Ex- 
tinktionen in den Maxima (fur 1. 10e5 M Liisungen) 

Abb. 2. tiberpriifung der Zuordnungsmoglichkeit je einer 
Bande der VIS-Spektren von Dithizonliisungen zu je einem 

Tautomeren. 

aufgetragen (Abb. 2) wobei sich zeigt, da13 die ersten 
beiden Voraussetzungen nicht erfiillt sind, da die 
Geraden in Abb. 2 weder durch Null noch durch 
100% (Koordinatenursprung) gehen, noch die Ach- 
sen bei gleichen Extinktionen schneiden. 

Die Zuordnung je einer Bande zu je einem Tau- 
tomeren ist demnach fiir Dithizon nicht zulassig und 
die somit berechneten Prozentgehalte sind unkorrekt. 

MATHEMATISCHES OPTIMIERUNGSVERFAHREN 
ZUR BANDENTRENNUNG 

Berechnung der prozentualen Tautomerenverteilung in 
den vier verwendeten Dithizonliisungen und Ermittlung 
der Einzelspektren der Thioketo- und der Thiol-Form 

Die VIS-Spektren der Dithizonlosungen werden 
hierbei als Linearkombination der entsprechenden 
Anteile der Einzelspektren der Thioketo- und der 
Thiol-Form aufgefaBt. In die Rechnung werden die 
Extinktionswerte der vier verwendeten Dithizon- 
lijsungen (2. IO-‘M) zwischen 400 und 670 nm in 
Schritten von 10 nm (28 MeDwerte) eingegeben, 
gesucht sind die Extinktionen fur die Einzelspektren 
und die prozentuale Verteilung der beiden tauto- 
meren Formen in den vier Dithizonlosungen. 

In die Berechnung geht nur noch die eine Annahme 
ein, daB die Unterschiede in der molaren Absorption 
jedes Tautomeren in den verschiedenen organischen 
Liisungsmitteln vernachllssigbar sind. 

Waren die molaren Absorptionen sowohl der 
Thioketo- als such der Thiol-Form in allen or- 
ganischen Lijsungsmitteln voll identisch, miil3ten die 
Spektren verschiedener aquimolarer Losungen exakt 
ausgepragte isosbestische Punkte aufweisen. 

Die Spektren der Liisungen von Dithizon in Chlo- 
roform, Tetrachlorkohlenstoff und Cyclohexan wei- 
sen such zwei isosbestische Punkte auf (Abb. I), 
wobei allerdings der Punkt urn 630 nm etwas ver- 
wischt ist, da er sich in diesem Bereich aus Schnitt- 
punkten von 3 Kurven mit etwa gleich grogem dE/dE. 
zusammensetzt und demzufolge sowohl gegen Ab- 
weichungen in E als such in i sehr empfindlich ist. 

Dagegen wird deutlich, daD das gesamte Spektrum 
von Dithizon in 2-Propanol zu kleineren Wellen- 
langen hin verschoben ist. Wird eine entsprechende 
Korrektur vorgenommen (Verschieben des gesamten 
Spektrums urn 10 nm), geht such dieses Spektrum 
durch die isosbestischen Punkte (Abb. 3). In die 
Rechnung wurden fur Dithizon in 2-Propanol diese 
korrigierten Extinktionswerte eingegeben. Als Richt- 



Tautomerengleichgewicht von Dithizon 1105 

werte fiir entsprechende Korrekturen solcher “rei- 
nen” Liisungsmitteleffekte kann der isosbestische 
Punkt im Minimum dienen. 

Zur Verfiigung stehen die folgenden Gleichungen: 

E dM(CHC13 ) - - &~(keta). Ckcto(c~c~,) + Em(tkiot)’ Cthiol(cHcI1) 

E IIO(CHCI,) - - &~~(keto). Cketo(CHCln) + ‘%lo(thiol)’ Cthiol(CHCI~) 

E ’ - &$keto) Cketo(CHCl,) + &7o&o,) ’ Cthiol(CHCI,) 670(CHCll) - 

E 4oo(CClq) - - Em(kero)’ Cketo(CClq) + Lo(thioI). Cthiol(cclr) 

E ’ - &7o(keto)’ Ckefo(CClq) + &70&l) ’ Ctkiol(cclr) 67O(CC4) - 

E 4’WGHn) = Emp.cro)’ CketO(C6HI~) + &o+(thiol). C~M(C~H~~) 

E : 67oGH12) = &7o(lrero)’ CkefO(C6H,2) + E670(~hml)’ Cthid(CgHIz) 

E~(~rop.) = &oo(keta). Ckcto(2-Prop.) + &o(tkiol) ’ Cthio~-Prop.) 

E670(~-Prop.) = ‘%7o(koto)’ Cketo(2-Prop.) + E67ojthiol)’ Ctkm~(~-prop.) 

Verallgemeinert mit Cthio, = 1 - C,,,, ergibt sich 

E, = &.C,, + &,.(l - ckj) 

wobei i = Wellenllingen von 400 bis 670 nm; i = 
Liisungsmittel (CHCl,, Ccl,, C6Hr2, 2-Propanol); 
k = Thioketo-Form; th = Thiol-Form. 

In diesen Gleichungen sind also zunlchst sowohl 
die Ckj-Werte (Prozentgehalte Thioketo-Form in den 
verschiedenen Losungsmitteln) als such die E,k- und 
E,,-Werte (Extinktionen der Einzeltautomeren bei 
verschiedenen Wellenllngen) unbekannt. 

Anhand unserer chemischen Experimente kiinnen 
Richtwerte gewisser Varianzbreite fur die Pro- 
zentgehalte an Thioketo-Form vorgegeben werden 
(Tab. 4), so dal3 man fur je eine Wellenllnge ein 
lineares Gleichungssystem aus 4 Gleichungen mit den 
beiden Koeffizienten EAbco und E,,h,o, erhalt. Dieses 
Gleichungssystem 1lDt sich nach der Methode der 
kleinsten Fehlerquadrate l&en, wobei die beiden 
Koeffizienten EAkeIo und EALlo, allerdings noch von den 
vorgegebenen Prozentgehalten an Thioketo-Form 
abhangen. Die Aufgabe besteht nun darin, solche 
prozentuale Verteilungen der Tautomeren fiir die 4 
Dithizonlosungen zu finden, die fur den gesamten 
betrachteten Spektralbereich eine befriedigende tfber- 
einstimmung zwischen den gemessenen Spektren und 
den aus den Einzelspektren der Thioketo- und der 
Thiol-Form und den entsprechenden Prozentgehalten 
berechneten Spektren ergeben. 

Liigt sich ein eindeutiges Minimum der Fehler- 
quadratsumme So 

28 4 

SC = 1 1 [El, - (E,* ’ ckj + Eith . (1 - ck,))]* 
!=I j=l 

finden, was gleichbedeutend mit bestmijglicher uber- 
einstimmung der berechneten und gemessenen Spek- 
tren ist, gilt als bewiesen, daD die Spektren der 
Dithizonliisungen in verschiedenen Lbsungsmitteln 
eine Linearkombination der entsprechenden Anteile 
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Abb. 3. Spektren 2. 10m5M Dithizonliisungen. 1, H,Dz in 
Chloroform; 2, H,Dz in 2-Propanol, Korrektur urn 10 nm; 
3, H,Dz in Tetrachlorkohlenstof 4, Hr Dz in Cyclohexan. 

der zwei verschiedenen Spektren der Einzel- 
tautomeren sind. 

Mit Hilfe eines Optimierungsverfahrens (para- 
bolisches Extrapolationsverfahren nach Jacob34) 
wurden die C,,-Werte fiir den vorgegebenen Pro- 

1 , ‘\\ , , , 
400 500 600 

Xtnm) 

Abb. 4. Berechnete Einzelspektren der beiden tautomeren 
Formen (2.10-r&f). ---- Spektrum der Thioketo-Form; 

- Spektrum der Thiol-Form. 
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Tabelle 4. Richtwerte fiir den Thioketo-Ante& abgeleitet aus 
Reaktionsabstufungen” 

H,Dz, gel&t in 
Richtwert fiir vorgegebene 

Thioketo-Anteil, % Varianzbreite, “/, 

Cyclohexan ca. 25 20-30 

Tetrachlorkohlenstoff ea. 47.5 45-55 

Chloroform ea. 75 70-80 

2-Propanol ea. 60 55-65 

(a) % Thioketo III Cyclohexon - % Thioketo an Tetrachlorkohlenstoff -t 

21 23 25 27 29 (d) 

71 
E 
b 

E 
i 

73 

v 

( b) % Thloketo In Tetrochlorkohlenstoff - 

46 46 50 52 54 

(c) % Thioketo in 2-Proponol - 

56 *56 60 62 64 

(e) % Thioketo in Cyclohexan- 

21 23 25 27 29 

(f) % Thloketo In Cyclohexon - 

21 23 25 27 29 

Abb. 5. Abhlngigkeit der globalen Fehlerquadratsumme von den Prozentgehalten an Thioketo-Form 
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Tabelle 5. Berechnete Tautomerenverteilung 

Thioketo-Anteil, % Thiol-Anteil, % 

1107 

H,Dz in Chloroform 72.5 27.5 
H,Dz in 2-Propanol 58.5 41.5 
H,Dz in Tetrachlorkohlenstoff 48.5 51.5 
H,Dz in Cyclohexan 29.3 70.7 

zentbereich systematisch so verindert, daB die globa- 
le Fehlerquadratsumme (So) iiber das gesamte Spek- 
trum minimiert wird. 

Als Lijsung erhalt man sowohl die Einzelspektren 
E,* und Ellh der beiden tautomeren Formen (Abb. 4) 
als such die prozentuale Verteilung der Tautomeren 
in den 4 verwendeten Dithizonlosungen (Tab. 5). 

In Abb. 5 wird veranschaulicht, daD die Opti- 
mierungsprozedur das Minimum der Fehler- 
quadratsumme gefunden hat. In den Abbildungen ist 
die Fehlerquadratsumme So als Funktion von je zwei 
Prozentgehalten Ckj dargestellt, wobei die Pro- 
zentgehalte fur 2 Lijsungsmittel variiert und fiir die 
iibrigen 2 Lijsungsmittel die optimalen Pro- 
zentgehalte eingesetzt werden. Die Niveaulinien 
geben von innen nach auDen folgende Fehler- 
quadratsumme wieder: 6.3.10--‘; 6.5. 10e3; 7.0. 10e3; 
8.0. 10m3; 1.0. 10m2; 1.4. 10m2 und 2.0. lo-‘. 

Durch die Tatsache, da13 die berechneten Pro- 
zentgehalte innerhalb der vorgegebenen Vari- 
anzbreite liegen, wird bestatigt, da13 die i.iber chem- 
ische Methoden (Einsatz unterstijchiometrischer 
Reagensmengen) ermittelten Prozentgehalte gute 
Richtwerte darstellten. Die sehr gute Ubereinstim- 
mung der gemessenen Spektren mit den aus den 

08 

06 

lu 

0.4 

02 
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00 500 600 
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Abb. 6. Beispiele fiir die gute Ubereinstimmung der am 
Cary 118 gemessenen Spektren (-) von Ditbizon und 
den aus den entsprechenden Anteilen der Einzeltautomeren 
berechneten Spektren ( x x x ). (1) H,Dz in Cyclohexan; 

(2) H,Dz in Chloroform. 

Einzelspektren und den Prozentgehalten berechneten 
Spektren wird in Abb. 6 an zwei Beispielen gezeigt. 

DISKUSSION DER ERGEBNISSE 

Neben der prozentualen Verteilung der Tauto- 
meren in den vier betrachteten Dithizonliisungen 
konnten such die Einzelspektren der Thioketo- und 
Thiol-Form ermittelt werden. Beiden tautomeren 
Formen kommt ein VIS-Spektrum mit zwei Maxima 
zu. Im Wellenlangenbereich zwischen 600 und 640 
nm iiberlagern sich die Banden der beiden Tauto- 
meren dargestalt, dal3 das Maximum 1 der Dithi- 
zonspektren sich mit steigendem Thiol-Gehalt zu 
hiiheren Wellenlangen hin verschiebt und die Bande 
bei Verlust an Hiihe breiter wird. 

Bisher dominierten bei der Interpretation der VIS- 
Spektren 2 Varianten. 

Bei Variante 1 wurde der Charakter der Dithi- 
zonspektren als gleich definiert, da die Spektren aller 
griinen Dithizonlijsungen zwei ausgepragte Maxima 
aufweisen. Die markanten Unterschiede im In- 
tensitltsverhaltnis der Maxima der Spektren wurden 
als “reine” Liisungsmitteleffekte angesehen und das 
gesamte Spektrum einer Spezies zugeordnet. Als 
SchluBfolgerung aus dieser Interpretationsvariante 
ergeben sich unzulassige Verallgemeinerungen der 
Einzelergebnisse, so z.B. die SchluBfolgerungen aus 
den MO-Berechnungen von Spkacek und 
SptvaEkova6 und die der IR-Untersuchungen von 
Kemula und Mitarbeiter.j 

Bei Variante 2 wurde dagegen gerade das Auftreten 
dieser zwei gut ausgepragten Maxima als Hinweis fur 
das Vorliegen eines Tautomerenpaares gewertet, 
wobei dann Zuordnung je einer Bande zu je einem 
Tautomeren erfolgte.3,28-32 Widersprachen experi- 
mentelle Details dieser Zuordnungsmtiglichkeit je 
einer Bande zu je einem Tautomeren, wurde dann als 
SchluBfolgerung die Existenz eines Tautomeren- 
paares verneint. 

Die signifikante Korrelation zwischen den lo- 
sungsmittelabhlngigen Reaktionsunterschieden in 
den Systemen Palladium/Dithizon und Kupfer/ 
Dithizon und den charakteristischen liisungsmittel- 
abhangigen Unterschieden in den VIS-Spektren, 
sowie die Tatsache, daB die Dithizonspektren 

als Linearkombination der entsprechenden 
Anteile an Thioketo- und Thiol-Form aufgefaBt 
werden konnen, sprechen dafiir, da13 sich die 
Bindungen der Dithizonmolekel (hochsymmetrische 
Struktur mit weitestgehend delokalisierten II-Elek- 
tronen3’) in organischen Liisungsmitteln entsprechend 
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der Polaritlt der Losungsmittel lokalisieren und 
Tautomerie vorliegt: 

j7-: Ph-N=N Ph-N=N 

N - 
\ 

C-SH 2 
\ 

‘\ ’ 
c=s 

,F 
/ 

Ph-NH=N Ph-NH-NH 
/ 

Thiol-Form Thioketo-Form 

Festsubstanz in organischen Liisungsmitteln 

Unter Beriicksichtigung der neuen Erkenntnisse iiber 16. 

die Einzelspektren der Thioketo- und der Thiol-Form 17. 
(Abb. 4) und der Milieu- und Losungsmittelab- 
hangigkeit des Tautomerengleichgewichtes (Tab. 2) :i: 
ergeben sich fur viele experimentelle Daten neue 
Interpretationsvarianten und Tatsachen, die bisher 20. 
als widerspriichlich angesehen wurden, fiigen sich in 21. 
das Gesamtbild ein.S’os3w ?? 
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Summary-Significant differences have been observed in the reactions of substoichiometric amounts of 
reagent for the extraction of palladium dithizonate and of copper dithizonate. These differences depend 
on both the organic solvent and the composition of the aqueous phase, and suggest that dithizone can 
react with metals in two ways, and can exist as a mixture of tautomeric forms in organic solvents. 
Moreover the differences in the reactions show a clear correlation with the differences in the visible 
absorption spectra of dithizone in various organic solvents. A mathematical analysis of these spectra has 
allowed calculation of the spectra of the individual thione and thiol forms of dithizone, and also estimation 
of the position of the tautomeric equilibrium in the different solvents. 
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SHORT COMMUNICATIONS 

POTENTIOMETRIC DETERMINATION OF PLUTONIUM 
BY SODIUM BISMUTHATE OXIDATION 

M. M. CHARYULU, V. K. RAO and P. R. NATARAJAN 

Radiochemistry Division Bhabha Atomic Research Centre Trombay, Bombay-400085, India 

(Received 24 June 1983. Revised 24 April 1984. Accepted 30 June 1984) 

Summary-A potentiometric method for the determination of plutonium is described, in which the 
plutonium is quantitatively oxidized to plutonium(M) with sodium bismuthate in nitric acid medium, the 
excess of oxidant is destroyed chemically and plutonium(W) is reduced to plutonium(W) with a measured 
excess of iron( the surplus of which is back-titrated with dichromate. For 3-5 mg of plutonium the 
error is less than 0.2’k. For submilligram quantities of plutonium in presence of macro-amounts of 
uranium the error is below 2.0%. - 

Plutonium in mg amounts is usually determined by 
titrimetric methods based on the Pu(III)/Pu(IV) and 
Pu(IV)/Pu(VI) couples4 Methods based on 
oxidation of plutonium to plutonium(V1) with sil- 

ver(I1) oxide are widely used. The method of Rao et 
~1.~ is more versatile than those reported by Drum- 
mond and Grant6 and by Milner et al.’ However, a 
disadvantage of the method is that the excess of 
iron(I1) added for reduction of the plutonium(V1) is 
rather critical. Linder and Baeckman’ reported that 
addition of more than 50% excess of iron(I1) causes 
a positive error due to reduction of silver(I) to 
metallic silver. 

This paper describes an alternative method based 
on the use of sodium bismuthate to oxidize the 
plutonium to the sexivalent state.9,‘0 The excess of 
bismuthate is destroyed chemically before the usual 
back-titration procedure for plutonium, in which a 
considerable excess of iron(I1) can be tolerated. 

Reagents 
EXPERIMENTAL 

Analytical grade reagents were used. Potassium dichro- 
mate solutions (0.05 and 0.001 meq/g) were prepared by 
dissolving accurately weighed amounts of the reagent (dried 
at 110”) in doubly distilled water. Ammonium ferrous 
sulphate (-O.lM) was prepared, and standardized by po- 
tentiometric weight titration with standard dichromate solu- 
tion. 

Standard plutonium nitrate solution was prepared by 
dissolving high-purity plutonium dioxide in concentrated 
nitric acid plus a few drops of 0.05M hydrofluoric acid, 
followed by repeated evaporation to remove hydrogen 
fluoride and final dilution to known weight with IM nitric 
acid. The solution was standardized by mass spectrometry 
and by the silver(I1) oxide method.5 The fluoride concen- 
tration in the plutonium standard was measured with an 
ion-selective electrode and found to be less than that in the 
reagent blank. Standard uranium solution was prepared by 
dissolving the oxide in nitric acid and standardized by a 
modification of the Davies and Gray method.” 

Apparatus 

The potentiometric titrations were performed with a 
digital potentiometer with a readability of 1 mV. A 50-ml 

beaker was used as titration cell, with a saturated calomel 
electrode and platinum working electrode. The standard 
potassium dichromate and iron(I1) solutions were added 
from polythene weight-burettes with suitably finely d;awn 
jets. 

Recommended procedure 

A suitable accurately known weight (-0.2 g) of sample 
solution containing 3-4 mg of plutonium in 1M nitric acid 
medium was transferred to the titration cell with 5 ml of 1M 
nitric acid solution, and sodium bismuthate powder 
(W-100mg) was added and stirred with the sample for 
5min to oxidize the plutonium quantitatively to plu- 
tonium(V1). Then 2 ml of 6M hydrochloric acid were added 
and the mixture was stirred for 10min to ensure complete 
destruction of the excess of bismuthate. Ten ml or 2M 
sulphuric acid were then added followed by a drop or two 
of 1.5M sulphamic acid solution to destroy any nitrous acid. 
Finally enough iron(I1) solution was added to give a 
potential of -450 mV, indicating complete reduction to 
plutonium(IV), and the excess of iron(I1) was titrated 
potentiometrically with dichromate, first with the more 
concentrated solution and then with the dilute titrant when 
the end-point was near. 

The amount of plutonium (mg) present was calculated 
from the expression 

Pu = [ W,A - ( W, + W,,B)]C,E 

where Wr is the weight of iron(I1) solution added, A is the 
weight of concentrated dichromate solution equivalent to 
1 g of iron(I1) solution, W, and W,, are the weights used of 
the concentrated and dilute dichromate solutions re- 
spectively, B is the concentration ratio of dilute to concen- 
trated dichromate solution, C, is the concentration (meq/g) 
of the concentrated dichromate solution and E is half the 
atomic weight of plutonium. 

RESULTS AND DISCUSSION 

Oxidation of plutonium with sodium bismuthate 

Sodium bismuthate is a powerful oxidant in acidic 
medium, with E” = 1.6 V for reduction to Bi(III).‘* 
The conditional potential for the Pu(IV)/Pu(VI) 
couple’3 in 1M nitric acid is 1.054 V, so bismuthate 
will quantitatively oxidize Pu(IV) to Pu(VI). 
Hindman and HollandI reported that the oxidation 
in SM nitric acid medium is quantitative at room 
temperature. In sulphuric acid medium, however, it is 
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essential to heat the solution to complete the 
oxidation.‘,” We have found that in 1M nitric acid 
medium, the oxidation to plutonium(V1) is complete 
at room temperature in 5 min with 80-100 mg of 
bismuthate per 3-5 mg of plutonium. 

Destruction of excess of sodium bismuthate 

The excess of sodium bismuthate had to be 
destroyed before the titration. Markov’ removed the 
excess by filtration but this is undesirable in high- 
precision work because the slight solubility of sodium 
bismuthate in acidic solutions leads to positive bias. 
A chemical method was therefore sought. Of several 
reagents tried, 6M hydrochloric acid was found to be 
the most effective. It reduces the bismuthate in nitric 
acid medium at room temperature in less than 3 min, 
with liberation of chlorine.15 Most of the chlorine 
escapes as gas and the residual amount does not 
affect the subsequent titration significantly. This was 
established by adding a known amount of iron(H) to 
nitric acid in which bismuthate had previously been 
destroyed with hydrochloric acid, and titrating with 
dichromate; the amount found agreed within 
O.Ol-0.04% with the amount found by direct titration 
of the same amount of iron(I1). 

Reduction of plutonium( VI) by iron(H), and back- 
titration 

Direct titration of plutonium(V1) with iron(I1) is 
sluggish, which is why a back-titration procedure is 
invariably used. The end-point was detected from the 
maximum of the first derivative. Analysis of 20 
replicate samples of standard plutonium solution 
gave a relative standard deviation of 0.2% and zero 
bias for 335mg of plutonium. Determination of 
5C2OOpg of plutonium (20 replicates) by the same 
method [but with more dilute iron(I1) and dichromate 
solutions] gave an RSD of 2.0%. 

The advantage of using sodium bismuthate instead 
of silver(I1) oxide is that much larger quantities of 
iron(H) are tolerated. Amounts corresponding to as 
much as 1000% excess had no effect on the plutonium 
values found. 

Eflect of uranium 

The method has been tested for the determination 
of plutonium in presence of uranium. Up to 28-fold 
w/w ratio of uranium to plutonium had no significant 
effect on the results. 

Interference of various impurities 

The effect of the relevant impurities has been 
investigated. The cations examined were those likely 
to be associated with plutonium, e.g., high-yield 
fission products such as Sr(II), Ru(III), Zr(IV) and 
Mo(V1) or impurities such as Al(III), Ni(I1) and 
Hg(I1). Corrosion products such as Cr(III), Mn(I1) 
and V(IV) were found to interfere quantitatively 
because of their oxidation by sodium bismuthate. 

Among the anions, fluoride is of most interest, 

Table 1. Study of interferences 

Amount added 
to 3-5 mg of 
plutonium, 

Substance mg Error, ;; 

Strontium(I1) 2.0 -0.2 
Cadmium(II) 2.0 -0.1 
Ruthenium(II1) 2.0 -0.2 
Zirconium(IV) 2.0 fO.2 
Molybdenum(V1) 1.0 +0.1 
Aluminium(II1) 28.8 +0.2 
Nickel(I1) 5.0 +0.2 
Copper(I1) 1.6 +0.1 
Mercury(I1) 8.4 +0.1 
Fluoride 0.005 +0.2 

0.010 -5.9 
0.130 -20.8 

Nitrate 3200 -0.2 
Sulphate 19.6 - 1.5 

since preparation of standard plutonium nitrate solu- 
tion involves the use of a little hydrofluoric acid. 
Hydrogen fluoride is quantitatively driven off by 
repeated evarporation, however, and its concen- 
tration in the plutonium working standards was 
found to be negligible. Tests showed that up to 5 pg 
of fluoride had no effect on the plutonium deter- 
mination. The amount present in the test solutions 
prepared as described was less than 2 pg per aliquot 
used. 

Tests showed that up to 50 mmoles of nitric acid in 
5ml of sample solution (which includes the aliquot 
and wash solution) can be tolerated. It may be noted 
that the volume of the solution is about 17 ml before 
the addition of iron(I1) solution, which means that 
such a solution would be about 3M in nitric acid at 
this stage. Our observation shows that nitric acid of 
higher concentration would oxidize iron(I1) and 
therefore lead to positive error. 

Regarding chloride, small amounts in the sample 
would cut down the amount of bismuthate available 
for the plutonium oxidation, but the plutonium 
should be oxidized preferentially according to the 
potentials involved. However, larger amounts of 
chloride would interfere unless the sample has 
already been subjected to repeated evaporation, 
which is normally the case to remove the small 
quantities of fluoride added when the solution is 
prepared from plutonium oxide. 

Sulphate was found to inhibit the oxidation of 
plutonium to plutonium(IV) at room temperature. 
Table 1 gives the tolerance limits for the interfering 
ions studied. 
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Summary-Trace iron is determined spectrophotometrically after adsorption of its ternary complex 
with 3-(4-phenyl-2-pyridyl)-5,6-diphenyl-1,2,4-triazine and tetraphenylborate on microcrystalline 
naphthalene at pH 5.1-7.4. The absorption maximum is at 567 nm; the molar absorptivity is 
2.9 x 10” 1. mole-’ cm-‘. 

Extractive spectrophotometric determination of 
iron(I1) with 3-(4-phenyl-2-pyridyl-5,6-diphenyl- 
1,2,4-triazine (PPDT) has been reported by Schilt and 
Hoyle’. The complex Fe(PPDT)z+ is only slightly 
soluble in water, but soluble in ethanol, ethanol- 
water, isoamyl alcohol, benzene and nitrobenzene. 
The complex forms slowly at room temperature, but 
rapidly in presence of perchlorate or relatively large 
amounts of ethanol. The perchlorate salt of the 
complex is extremely insoluble in water but readily 
extracted into isoamyl alcohol. 

The spectrophotometric determination of metals 
after adsorption of their complexes on micro- 
crystalline naphthalene is now well established.2-9 In 
the present work the technique is applied to the 
ion-association complex produced by Fe(PPDT):+ 
and tetraphenylborate (TBP), which is not extrac- 
table into the usual organic solvents. The complex is 
quantitatively adsorbed on microcrystalline naph- 
thalene and is freely soluble in dimethylformamide 
and acetonitrile, which are miscible with water. 

EXPERIMENTAL 

Reagents 

Standard iron (III) solution, 2 ppm. Prepared by diluting 
lOOO-ppm standard iron(W) solution with water. 

PPDT solution in ethanol; 0.04%. 
Hydroxylammonium chloride solution, 2”/,. 
TPB solution, lo/,. 
Naphthalene sol&on in acetone, 2q<. 
Buffer solutions, IM. Acetic acid/ammonium acetate; 

ammonia/ammonium acetate. 

Procedure 

Place the sample solution [containing l-20 ng of iron(III)] 

in an 80-ml stoppered Erlenmeyer flask and dilute it to 
about 40 ml with water. Add _ 1.0 ml of 2% hydroxyl- 
ammonium chloride solution. 3.0 ml of 0.049/, PPDT solu- 
tion, and 2.0 ml of acetate buffer (pH 5.8) andmix. Add 3.0 
ml of 1% TPB solution. Heat on a water-bath (60”) for 50 
min to precipitate the complex completely. Cool to room 
temperature, add 2.0 ml of 20% naphthalene solution and 
shake vigorously for 30 sec. Collect the naphthalene on a 
filter paper (Tovo Roshi No 5C) placed flat on a Teflon plate 
in a fu&el,‘or*on a sintered-glass filter (porosity 2). Wash 
it with water and dry it at 55-60”. Dissolve the mixture in 
dimethylformamide and dilute with the solvent in a lo-ml 
standard flask. Measure the absorbance at 567 nm against 
a reagent blank. 

RESULTS AND DISCUSSION 

The complex has its absorbance maximum at 
567 nm, where there is practically no absorption due 
to the reagent blank. The absorbance is unaffected by 
the pH of precipitation in the range 5.1-7.4; pH 5.8 
is a convenient choice for the buffer. The absorbance 
is constant when 1.5-8.0 ml of 0.04% PPDT solution 
and 0.01-6.0 ml of 1% TPB solution are used. From 
0.1 to 10 ml of 2% hydroxylammonium chloride and 
l&5.0 ml of pH 5.8 buffer solution can be used. 

The formation of the complex is relatively slow at 
room temperature, but considerably faster above 60”, 
and the complex is stable for a considerable period. 
A digestion time of 3&90 min is enough for complete 
formation of the complex. 

As usual, 0.4 g of naphthalene is convenient for the 
adsorption and shaking for 30 set is adequate. 

The volume of the aqueous phase can be varied in 
the range 2&60 ml without effect on the absorbance, 
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Table 1. Tolerance limits for diverse salts and ions in determination of 
1Opg of iron 

Salt 

NaI 
KNO, 
NaCl 

KH&‘Q 
Na,SO, 
NaClO, . H,O 
KSCN 
Sodium tartrate. 2H,O 
Sodium citrate. 2H,O 
NH&l 

Na&Q 
CH,COONa .3H,O 

Tolerance Tolerance 
limit Ion limit 

Ilg Mg2+ 48 mg 

6g Mn*+ 19mg 

Ig Ca2+ 14mg 
0.6 g Al’+ 48Opg 
0.5 g Cr6+ 970 pg 
15g Pb2+ 48Opg 

0.1 g Hg*+ 48Opg 
85 mg Cd2+ 47O/Jg 

3mg Sn2+ 480 pg 
1Og Zn2+ 27Opg 
8Oyg Pt4+ 8Ong 
14g Bi’+ 17Yg 

Ni2+ 7flg 
car+ 8pg 
cuz+ 5pg 

Table 2. Comparative analysis for iron in various samples 

Sample 
Composition 
of alloy, “/. 

Iron, 
certified 
value, ‘A 

Iron content* 

1 , 1 0-Phenanthroline 
Present method TPTZ methodiO.” method’r 

N.B.S. 
SRM-85b 
Al alloy 

N.B.S. 
SRM-158a 
Silicon-Bronze 

alloy 

Metallic 
magnesium 
(powder) 

Metallic 
aluminum 
(powder) 

CoSO, .7H,O 
(solid) 

Lake water 
River water 
Hot springs 

Cu:3.99, Cr:0.21 
Mn:0.61, Ni:0.089 
Si:O.18, Ti : 0.022 
Zn : 0.03, Ga:0.019 
V:O.O06, Pb:0.021 
Cu:90.93, Si:3.03 
Zn:2.08, Mn: 1.11 
Ti : 0.96, Al: 0.46 
Pb:0.097, Ni:O.OOl 
P: 0.026 

- 

- 

- 

0.24 0.236 f 0.003 

1.23 1.25 f 0.02 

- 0.0022~0.0001 

- 0.148~0.002 

- 0.0034 * 0.0002 

- 0.35+0.02t 
- 0.137+0.003t 
- 82*2§ 

0.252 k 0.002 

1.24kO.02 

0.0023+0.0001 

0.151 kO.002 

0.0036 f 0.0002 

0.36kO.Olt 
0.141 *o.O02t 

84+2§ 

0.247 + 0.002 

1.24kO.02 

0.0023 k 0.0002 

0.0036 + 0.0002 

0.35 f 0.02t 
0.146+0.002t 

78+2§ 

*Average of five determinations. 

t&ml. 
§w/ml. 

but with 60 ml a digestion time of 60 min and a 
shaking time of 2 min are recommended. The mixture 
of the complex and naphthalene can be dissolved in 
dimethylformamide, acetonitrile, dimethyl sulph- 
oxide or propylene carbonate. Dimethylformamide is 
preferred and the complex is stable in it for 60 min. 

The calibration graph is linear over the range 
0.1-2.0 pg of iron per ml of dimethylformamide. The 
molar absorptivity is 2.90 x lo4 I. mole-’ . LX-‘. Ten 
replicate determinations of 10 pg of iron gave a mean 
absorbance of 0.523 with a relative standard devi- 
ation of 1.3%. 

Effect of diverse ions 

The tolerance limits (error < 2%) for various ions 

in determination of 10 /.~g of iron are summarized in 
Table 1. If the iron content in practical samples is low 
and interfering metal ions are present, a preliminary 
extraction of iron with methyl isobutyl ketone 
(MIBK) or diethyl ether from 6M hydrochloric acid 
is necessary. 

Analysis of practical samples 

The results in Table 2 are in reasonably good 
agreement with those obtained spectrophotometri- 
tally with 2,4,6-tri(2-pyridyl)-1,3,5-triazine”.” and 
1, lo-phenanthroline. ‘* The aluminium alloy (1 -g 
sample) was dissolved with 40 ml of hydrochloric acid 
(1 + 1) and 2 ml of 30% hydrogen peroxide, then the 
excess of peroxide was decomposed by heating. After 
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cooling, the solution was made up accurately to 500 REFERENCES 

ml with water, a 2-ml aliquot was transferred to a 
lOO-ml separatory funnel, 40 ml of hydrochloric acid 
(1 + 1) were added, and the iron was extracted by 
vigorous shaking for 5 min with 20 ml of MIBK. The 
iron was stripped with 2.5 ml of water, and deter- 
mined by the proposed method. 

The standard silicon bronze alloy (100 mg) was 
dissolved with 10 ml of hydrochloric acid (1 + I), 
1 ml of concentrated nitric acid and 3 ml of concen- 
trated sulphuric acid. The excess of acid was evapor- 
ated and the residue dissolved and diluted accurately 
to 1000 ml with water. An aliquot was analysed. 

Magnesium powder (10 g) and aluminium powder 
(2 g) were analysed in the same way as the aluminium 
allov. 
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Summary-A method for determination of uranium in phosphogypsum is based on extraction of uranium 
from phosphoric acid in which hydration transformations of calcium sulphate hydrates have occurred. 
The uranium is extracted with a kerosene solution of a mixture of mono- and dinonylphenylphosphoric 
acids, then stripped with concentrated phosphoric acid, and determined spectrophotometrically with 
Arsenazo III. 

Production of wet phosphoric acid, which is in 
common use for the production of phosphate and 
mixed fertilizers, is associated with the creation of 
very large amounts of phosphogypsum waste (in 
about 2 : 1 weight ratio to the phosphate raw material 
used). About 4.5-6 tons of phosphogypsum waste are 
created in producing one ton of P,O, in fertilizer 
products.’ On account of its enormous amount, its 
mineral impurities and high water content, the waste 
is at present utilized only to a very small degree.2 
Phosphogypsum is generally stored near fertilizer 
works or dumped in rivers or the oceans. This is of 
danger to the natural environment since the waste 
contains toxic components such as fluorine, uranium 
and radium. Utilization of the waste for the prod- 
uction of building materials requires reduction of the 

amount of these contaminants, as well as of the 
phosphorus compounds2 

Uranium is recovered on a commercial scale more 
and more often from wet phosphoric acid,3-5 and 
requires increased efficiency of the uranium recovery 
process. 

A chemical analysis of the uranium content of 
phosphogypsum waste will make it possible to deter- 
mine the proper conditions for the production of 
wet phosphoric acid with simultaneous uranium 
recovery, and allow control of the uranium content 
of phosphogypsum that is to be used as a raw 
material or an intermediate in the production of 
building materials. 

Physicochemical reasons for presence of uranium in 
phosphogypsum 

The uranium content of phosphogypsum depends 
on the type of the phosphate raw material, the 
technology of decomposition, and on crystallization 
of the phosphogypsum as well as on various tech- 
nological parameters. 

The uranium balance in the wet method is gener- 
ally thought to depend on the liquid phase com- 
position when the calcium sulphate crystallizes.S9 
The uranium content depends mainly on the degree 
of hydration of the calcium sulphate.6 The phos- 

phogypsum obtained as calcium sulphate dihydrate 
contains 5-25 pg of U per g. A much greater amount 
of uranium (50-l lOpg/g) is contained in phos- 
phogypsum produced by applying the hemihydrate 
method (the main component is a-CaSO,.iH,O). The 
reason for this large difference lies in the different 
structure of the unit cells, the fact that the hemi- 
hydrate forms agglomerates and clusters, and that the 
co-ordination of uranium depends on the tem- 
perature and the concentration of phosphoric acid. 

A significant role is also played by the relative 
concentrations of U(W) and U(W) in the liquid 
phase. It is thought6 that in phosphate raw materials 
about 4&91x of the uranium (mean about 65%) is 
in the quadrivalent form. 

In the decomposition of phosphate raw materials 
with sulphuric acid U(IV), U(VI), Fe(I1) and Fe(II1) 
are transferred into the liquid phase, where the 
equilibrium 

2Fe(II) + U(VI) Z$ 2Fe(III) + U(IV) 

is established. Fe(II1) and U(IV) form stable 
co-ordination compounds with F- and HPO:- ions, 
which is why the liquid phase contains more U(IV) 
than was in the raw material.” 

Many authors have proved@ that the higher the 
U(IV) content (i.e., under strongly reducing con- 
ditions), the higher the amount of uranium in the 

phosphogypsum. Under oxidizing conditions, up to 
90% of the uranium can pass to the liquid phase, and 
even 95% if some nitric acid is added.’ 

Decomposition under the usual technological con- 
ditions transfers about 25-30x of the uranium into 
the phosphogypsum, whereas addition of a large 
amount of iron(I1) increases this to as much as 80%. 

The uranium is transferred into the phos- 
phogypsum by substitution of U4+ for Ca2+ in the 
crystal lattice of calcium sulphate, the probability of 
substitution being 3.75 x lo-‘. The process is possi- 
ble because of the similarity in the ionic radii of U4+ 
(0.97A) and Ca2+ (0.99 A). This substitution is 
dependent on the course of the calcium sulphate 
crystallization, and thus on the local concentrations 
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H,PC, concenrratlon C% P,O,: 

Fig. 1. The recrystallization scheme used in the analysis of phosphogypsum, shown as a phase scheme 
comprising domains of existence of calcium sulphate in various hydration forms in phosphoric acid 

solution. 

of Ca*+, SO:-, HPO:-, and F-, as well as on the 
hydrodynamic conditions. It is also presumed that 
the presence of organic compounds in the phosphate 
raw material and application of organic defoamers to 
lower the stability of the foam in the decomposition 
process will increase the uranium content in the 
phosphogypsum. It has been experimentally proved 
that calcination may reduce the uranium content in 
phosphogypsum by about 30x.* 

Another process significantly affecting the uranium 
content in phosphogypsum is adsorption of 
uranium(V1) as UO,HPO, on the surface of the 
gypsum or by substitution of one UO:+ ion for 
2Ca*+ ions in the terminal nodes of the crystal 
lattice.6 

We have proved experimentally’ that phos- 
phogypsum particles with average weight < 1Opg 
contain 3&40x more uranium than particles with 
mean weight > 50 pg. 

Principle of the analysis method 

During the crystallization of phosphogypsum there 
is a non-uniform distribution of the uranium: about 
S&90% in the liquid phase, and the remainder in the 

phosphogypsum. The distribution can be controlled 
by making a slight addition of oxidizing reagents, 
which results in a lower uranium content in the 
phosphogypsum. 

Thus if phosphogypsum recrystallizes in a pure 
phosphoric acid solution, the liquid phase is sepa- 
rated and the recrystallization repeated, then at least 

96% of the uranium can be removed from the phos- 
phogypsum. 

Depending on the phosphoric acid concentration 
and the temperature, there are three phase areas 
delimited by the lines of the phase transition. From 
Fig. 1 it appears that only 2 stable modifications 
exist: CaSO,.2H,O (area 1) and CaSO, (areas 2 and 
3). Particular hydrate forms may undergo changes 
according to the temperature and concentration con- 
ditions:’ - @ _ 

CaSO,. 2H,O 
.\ + cc-CaSO,. iH,O / 
‘\ I/ 

CaSOJI 

0 
For the analysis the phase transition A + C is used. 
The metastable transition A+ B is utilized in the 
production of wet phosphoric acid by the 
dihydrate-hemihydrate or hemihydrate-dihydrate 
methods.’ This transition requires exact adjustment 
of the technological conditions. 

In the analysis, the sample of dry phosphogypsum 
is placed in a 0.1% w/w solution of sodium chlorate 
in concentrated phosphoric acid (this corresponds to 
point 1 in Fig. 1) and heated to 90-loo”, which results 
in transformation of CaSO,.2H,O into CaSOJI 
(point 2 in Fig. 1) with 75-85’4 of the uranium 
passing into the liquid phase. After filtering off from 
the concentrated acid, the wet phosphogypsum is 
added to a volume of water that is half that of the 
concentrated acid introduced initially. This lowers 
the concentration of P20s in solution and the 
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CaSOJI is transformed back into CaSO, .2HrO 
(point 1 in Fig. 1) with simultaneous further release 
of uranium compounds to the liquid phase. After 
filtration and washing, the two filtrates and the 
washings are combined, and the uranium is extracted 
with a kerosene solution of a mixture of mono- and 
dinonylphenylphosphoric acids (NPPA). The aque- 
ous phase should contain 20-30% P,05 and ferrous 
sulphate. The uranium is stripped from the organic 
phase with 10M phosphoric acid containing sodium 
chlorate.“,‘* The uranium content of the strippings is 
determined by the Korkisch spectrophotometric 
method with Arsenazo III.‘3,‘4 

Reagents 

EXPERIMENTAL 

Kerosene solution of NPPA, 0.2h4. 
Phosphoric acid, 85% H,PO, pure for analysis, 
Calcium sulphate dihydrate. Pure for analysis, for pre- 

paring the calibration curve. 

Procedure 

Prepare lOOm1 of phosphoric acid of 40% Pro, content 
(about 55% H,PO,) and 0.1% sodium chlorate. Weigh the 
sample of phosphogypsum (about 5Og) into a beaker and 
add the phosphoric acid. Heat to 90-100” and keep at 
temperature for about 1 hr. Check by examination under the 
microscope that transformation to CaSO,II has taken place, 
and if it has, filter the suspension hot on a Buchner funnel 
and wash with lOm1 of water. Return the sediment to the 
beaker, add 50 ml of water, and let stand for at least 12 hr 
for reconversion into CaS0,.2H,O. When the change is 
complete (microscopic observation), filter the suspension 
and combine the filtrates. 

Add 2 g of FeSO,. H,O to the combined filtrates. Shake 
the solution with 10 ml of 0.2M NPPA solution in kerosene 
at 2&30” for 1 hr. After phase separation, strip the kerosene 
phase at 55” with three 25-ml portions of 10M phosphoric 
acid containing 0.2% sodium chlorate, shaking for 30 min in 
each extraction. Combine the three extracts and analyse for 
uranium spectrophotometrically as for uranium in wet 
phosphoric acid.” 

The calibration graph is prepared by adding known 
amounts of UO,SO, to 50-g samples of pure calcium 
sulphate, and analysing as just described. 

CONCLUSIONS 

The procedure permits chemical analysis for uran- 
ium in phosphogypsum samples arising from the 
production of wet phosphoric acid. The method 

makes use of change in pattern of the distribution of 
uranium between the liquid and solid phases when 
calcium sulphate is recrystallized from phosphoric 
acid of different concentrations. The effect is utilized 
by applying a double recrystallization and knowledge 
of the phase transitions of particular forms of calcium 
sulphate. In this way 92-96% of the uranium origi- 
nally present in the phosphogypsum is extracted, and 
then determined by extraction with a mixture of 
mono- and dinonylphenylphosphoric acids, and use 
of a modified spectrophotometric method with 
Arsenazo III. 

Test analyses gave an error of f6% in deter- 
mination of uranium in phosphogypsum in the range 
4100 ggg/g, the relative standard deviation being 9% 
at the 18.8pg/g level. 

Twenty samples of phosphogypsum containing 
30-60 pg of U per g were analysed by the method 
described and by X-ray fluorescence. The results 
obtained by the latter method were higher by an 
average of 2%. 

Use of the phase equilibrium diagram for calcium 
sulphate in phosphoric acid makes it possible to 
apply the procedure for analysis of the phos- 
phogypsum produced in the hemihydrate and anhy- 
drite methods. 

1. 
2. 

3. 
4. 
5. 

6. 

7. 
8. 

9. 

10. 
11. 
12. 
13. 
14. 
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Summary-A standard-addition procedure for analysis of powdered solid samples by energy-dispersive 
X-ray fluorescence is described. Different amounts of the element to be determined are added to 4-6 
specimens of the unknown sample. The spiked samples are prepared by mixing the powdered sample with 
an aqueous standard solution and drying the mixture. Homogeneously spiked samples are thus obtained 
with analyte and spike concentrations at the ppm level. The procedure has been investigated theoretically, 
and it is found suitable for the quantitative determination of lead at the ppm level. The accuracy of the 
technique for traces of lead has been tested on solid reference materials for the determination of lead. 
The quantitative results obtained compare well with those found by potentiometric stripping analysis. 

X-Ray fluorescence spectrometry (XRF) is well 
suited for direct elemental analysis of solid samples. 
Quantitative analysis, however, is often hampered by 
interelement effects.’ Ways of correcting for these 
effects can be divided into two main groups: (1) 
mathematical methods, e.g., those based on funda- 
mental parameters or “influence coefficients”, which 
are applicable when a complete elemental analysis is 
done; (2) comparative methods, e.g., those using an 
external standard, internal standard, double dilution 
or standard addition. The comparative methods are 
better suited for partial analysis of a sample. For 
single-element determinations, a comparative method 
is often chosen. In trace element determination, the 
dilution technique should be avoided, in order not to 
decrease the count-rate of the analyte line. Thus the 
main methods left for single-element determination 
are those using (1) an external standard; (2) an 
internal standard; (3) standard addition. 

With the external-standard method, the general 
sample composition is assumed to be constant for all 
specimens of nearly identical composition. This al- 
lows the use of a calibration graph. However, the 
production of single-element calibration graphs re- 
quires a large number of standards of known com- 
position, which must be close to that of the sample. 
Therefore, this approach can be quite cumbersome. 

With the internal-standard and the standard- 
addition (spiking) methods, a known amount of a 
standard is added to the sample. For the internal- 
standard method, the element added must not be 
present in the sample. Thus problems arise when the 
internal-standard method is to be applied to complex 
samples, e.g., coal fly-ash. Furthermore, the difficulty 
is increased if more than one internal standard is 
used. 

The standard-addition method uses addition of the 
analyte itself and is frequently used in conjunction 

with instrumental methods of trace analysis. In prin- 
ciple, the technique can be applied to any sample and 
in effect produces its own calibration graph. How- 
ever, for successful application of the method, the 
spiked samples must be homogeneous. This condition 
is easy to meet for liquid samples and standards. 
Thus, standard addition is often used in conjunction 
with flame atomic-absorption spectrometry and elec- 
troanalytical techniques. The method has also been 
used in an XRF study on sulphur in gasoline.’ The 
sulphur standard used in this investigation was 
di(tert-butyl)disulphide in sulphur-free iso-octane, 
which could be dissolved in the gasoline samples. 
When the sample is a solid, it is less easy to employ 
the standard-addition technique. If the analyte con- 
centration is low, only minute amounts of standard 
should be added, and an even distribution within the 
sample volume can then be difficult to achieve. To 
determine the germanium content of low-germanium 
coal-ash, Campbell et al.’ used a solid standard for 
spiking. This standard was a germanium-rich lignite 
ash with a known content of germanium. These 
workers were thus able to obtain results accurate to 
within + 10% relative for ashes with a germanium- 
content exceeding 0.1 ‘A. For lower concentrations the 
accuracy decreased, probably because of non- 
homogeneous distribution of the solid spike. 

The present paper describes a spiking procedure 
for quantitative XRF determination of trace elements 
in powdered solid samples: a dilute aqueous solution 
of the standard is mixed with the powdered sample, 
and the mixture is dried. In this manner, an even 
distribution of the spike is obtained. Apparently, 
despite its simplicity, this approach has not yet been 
reported in the literature. The procedure has been 
used for the XRF determination of lead in a number 
of solid materials, and accurate results have been 
obtained. 
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THEORY 

The X-ray fluorescence intensity, Z, of an analyte 
line excited by monoenergetic radiation, from a speci- 
men of infinite thickness, can be expressed as:4 

Z=GA(l +H)W 

where G includes the primary intensity for the ex- 
citing radiation, the geometry factor and the de- 
tection efficiency for the analyte, A corrects for 
absorption of both excitation and fluorescence radi- 
ation, and H corrects for enhancement effects. Both 
A and H depend on the excitation energy ‘and the 
specimen composition. W is the concentration of the 
analyte, expressed as a weight fraction. 

The analyte concentration of a spiked specimen is 
given by 

w= wow,+ ws 

where W, is the analyte concentration of the original 
sample, and W, and W, are the weight fractions of 
the original sample and of the pure elemental stan- 
dard in the spiked specimen. The standard-addition 
procedure is based on the assumption that 
GA(1 + H) is an unknown constant K. Since 
W, + W, = 1, there is a linear relationship between 
the intensity and the concentration of analyte in the 
spiked specimen: 

Z=B,+B,W, 

where B, = KW, and B, = K(1 - W,). For each sam- 
ple several spiked specimens with known W, are 
prepared. Hence a set of fluorescence intensities and 
added concentrations is obtained. This set of in- 
tensities and corresponding weight fractions is used 
to establish a set of simultaneous equations of type 
(1) from which B, and B, are found by a least- 
squares procedure. The concentration of analyte in 
the original sample is then: 

w, = Bo/(Bo + 4 ) (2) 

EXPERIMENTAL 

Apparatus 

The X-ray spectrometer used is equipped with a DTG 
Si(Li) detector with pulsed optical feed-back (crystal dimen- 
sions 30 mm2 x 4 mm, resolution 160 eV at 5.9 keV). The 
main amplifier is a Canberra model 2020 spectroscopy 
amplifier with pulse pile-up rejection, and the analogue-to- 
digital converter is a Canberra model 2070. The digitized 
signals are stored by a Motorola 68000 microcomputer, 
which also performs on-line control of the spectrometer, 
data-acquisition, spectrum-display and data-transmission to 
the central computer, a VAX 11/780. 

Samples were excited by the KG( and Z@ radiation of a 
secondary target, which was irradiated by an X-ray tube 
powered by a Philips PW 1732/10 high-voltage generator 
(60 kV, 80mA, maximum power 4 kW). The irradiation 
chamber contained six secondary targets (Ti, Se, MO, Ag, Te 
and Gd), which allow effective excitation of a wide range of 
fluorescence energies. Except for a few minor changes, the 
chamber is that described in detail by Christensen et al.s 

For the determination of lead the spectrometer was 
operated at 40 kV, the MO secondary target being used. The 

current was set at 20-45 mA and chosen so that the dead- 
time of the detector system was less than 40% of the total 
measurement time. The counting time was 20@600 set and 
chosen to give about IO4 counts for the W-LB line for the 
unspiked samples. For each specimen, the spectrum was 
recorded three times, and the Pb-Lb line intensity was 
calculated by a simple summation procedure, with linear 
background subtraction. The Pb-LB line was used because 
the As-Ka line interferes with the Pb-La line. 

Reagents 

Prepare standard solutions of lead (100 and 1000ppm) 
by diluting a commercial standard solution (e.g., Merck 
Titrisol No. 9969) with triply distilled water. 

Preparation of spiked samples 

Weigh accurately approximately 1 g of powdered solid 
sample. Transfer it into a 25ml polyethylene test-tube, add 
the appropriate amount of standard solution, and mix 
carefully. Dry the spiked sample in a desiccator. Add four 
glass beads (5 mm diameter) to the dried sample and shake 
for 10 min. Finally, transfer the powder to the XRF sample- 
holder. 

For each unknown sample, prepare 4-6 spiked speci- 
mens, such that the spiked sample with the highest analyte 
concentration will yield an analytical signal which is about 
three times the signal for the unspiked sample. Typically, 
l-10 ml of lOO-ppm lead solution should be added to a l-g 
sample. 

Measurements and calculations 

Measure, at constant spectrometer settings, the analytical 
signals (Pb-L/I line-intensities) for the unspiked and spiked 
samples. For each measurement, set up an equation of type 
(1). From the resulting set of simultaneous equations, 
determine the constants B,, and B, by linear regression. 
Finally, calculate II’, from equation (2). 

RESULTS AND DISCUSSION 

Maximum amount of spike 

The standard-addition method is valid provided 
that equation (2) holds, i.e., the analytical signal is 
linearly proportional to the concentration of analyte 
in the spiked sample. The maximum amount of spike 
which can be added and still result in a linear 
signal/concentration relationship was estimated as 
follows. The procedure outlined by Christensen and 
Pind6 was used to calculate the Pb-L/I line intensity, 
Z, for a spiked fly-ash. The standard chosen was 
elemental lead. The elemental composition of a repre- 
sentative model coal fly-ash was established in the 
following manner. The element concentrations 
certified by the National Bureau of Standards for 
NBS SRM 1633a trace elements in coal fly-ash were 
used, and the non-certified concentrations were taken 
to be correct. The remainder was arbitrarily assumed 
to be the oxygen in the ash. The compositions of 
samples made by spiking this were calculated. Hence 
for any ash of these spiked samples W, was known, 
and the analytical signal, Z, could be calculated. In 
this manner, a number of simultaneous equations of 
type (1) were established, and solved for B. and B, by 
a least-squares procedure. The quantity W,, could 
then be found from equation (2). From the linear 
range of the relationship between concentration and 
intensity for this model fly-ash it was found that an 
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Table 1. Concentrations of lead (ppm) in solid materials found by XRF and the 
proposed standard-addition technique; the results are compared with those obtained 
with potentiometric stripping analysis (PSA) and, for the reference material, the NBS 

certified value 

Sample XRF PSA NBS Value 

NBS SRM 1571 
Orchard Leaves 

NBS SRM 1632a Trace Elements 
in Coal, Bituminous 

NBS SRM 1633a Trace Elements 
in Coal Fly-Ash 

Coal Fly-Ash, 1 

Coal Fly-Ash, 2 

Oil Fly-Ash 

44 43 + 2 45 * 3 
42 

13.7 12.9 + 1.7 12.4 + 0.6 
13.7 

77.0 72 k 3* 72.4 + 0.4 
74.5 

225 231 f 16 
227 

71.5 58 f 7 
63.8 

231 219 + 16 
225 
221 

*Christensen et al.’ 

accurate value for W, could be obtained by spiking 
with not more than 5 times the amount of lead 
present in the sample itself. 

The lead in the standard solution added is in 
practice most probably deposited in the sample as 
lead nitrate. The maximum amount of solid material 
derived from the added spike is small (~0.1% of the 
sample weight), so the change in sample weight and 
the change in the Pb-L/3 intensity caused by the 
nitrate and other species in the spike will be negli- 
gible; in other words, the addition of the standard 
lead solution is equivalent to spiking with elemental 
lead. 

The standard-addition procedure described above 
was used to determine the lead content of NBS SRM 
1571 orchard leaves, NBS SRM 1632a trace elements 
in coal (bituminous), NBS SRM 1633a trace elements 
in coal fly-ash, two unspecified coal fly-ashes (1 and 
2) and one unspecified oil fly-ash. For all materials, 
linear calibration relationships were obtained (cor- 
relation coefficient better than 0.99). Table 1 shows 
the lead concentrations found by the proposed 
method, and the certified concentrations. Poten- 
tiometric stripping analysis’ has recently been used to 
determine the amount of lead in the materials in- 
vestigated here,8,9 and the results found are also given 

in Table 1. 
The results in Table 1 indicate that an aqueous 

standard solution is suitable as spiking agent in the 
XRF determination of lead (and, by inference, of 

other trace elements) at the ppm level in solid pow- 
dered samples. The results presented here were ob- 
tained with an energy-dispersive spectrometer and 
secondary target excitation. However, equation (2) is 
valid even when direct excitation and a wavelength- 
dispersive spectrometer are used, and the standard- 
addition method ought to perform equally well for 
quantitative work with such equipment. 
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Summary-Pyrocatecholsulphonphthalein complexan (PSC) has been synthesized from Pyrocatechol 
Violet (PV), iminodiacetic acid and formaldehyde by Mannich condensation. Its acid dissociation 
equilibria have been studied potentiometrically. Some characteristic properties of Xylenol Orange (X0) 
and PV are found in PSC, which is slightly superior to X0 and PV in sensitivity as a chromogenic reagent 
for bismuth. The spectrophotometric characteristics of some metal ion-PSC complexes are reported. 

Kiirbl et al.’ reported that a number of chelating 
agents can be obtained from Pyrocatechol Violet 
(PV), Pyrogallol Red and rosolic acid by condens- 
ation with iminodiacetic acid and formaldehyde 
according to the procedure described by Schwarzen- 
bath et al.,’ but the synthesis and analytical applica- 
tion of these products have not been described. The 
acid-base indicator Cresol Red, from which Xylenol 
Orange (X0) is derived, is structurally related to PV. 
The structure of the product derived from condens- 
ation of PV and iminodiacetic acid therefore seems 
likely to be 

0 0 
so, 

Scheme 1. 

This compound, pyrocatecholsulphonphthalein 
complexan (PSC), is in essence X0 with its methyl 
groups replaced by phenolic groups, so PSC has the 
functional groups of both X0 and PV. The question 
then is whether PSC possesses the characteristic 
properties of both X0 and PV. For complexometric 
titration of bismuth, a mixture of PV and X0 has 
been recommended as the indicator.3 PSC may there- 
fore give even better results for such titrations. In this 
paper the synthesis of PSC and its characteristic 
properties as an analytical reagent are reported. 

EXPERIMENTAL 

Synthesis of PSC 

Finely powdered PV (4.0 g) and iminodiacetic acid (5.4 g) 
were dissolved in 15 ml of water containing 3.2 g of sodium 
hydroxide, and 80 ml of glacial acetic acid were added, with 

*Research supported by Chem. Grant No. 566 of Science 
Foundation, Academia Sinica, PRC. 

stirring. The mixture was transferred into a 250-ml three- 
necked, round-bottomed flask fitted with a reflux condenser, 
stirrer and dropping funnel containing 40% aqueous form- 
aldehyde. After addition of 2.4 ml of formaldehyde the 
mixture was heated at 55-60” for 12 hr, with stirring. A 
further 2.4 ml of formaldehyde were added and the mixture 
was stirred for a total of 7 days at 55-60”. The formation 
of PSC was checked before proceeding further. To do this, 
a few drops of reaction mixture were added to 5 ml of 
acetone; the dark-green precipitate produced was separated 
and dissolved in a small amount of water. The solution gave 
a purple-red colour with La(II1) in acetate buffer at pH 5.0. 
Completion of the Mannich reaction was identified by paper 
chromatography with butan-1-ol-glacial acetic acid-water 
(3: 1: 1, v/v). The reaction was considered complete if the 
chromatogram showed only a green spot at R, = 0. The hot 
reaction mixture was then filtered by suction, and the filtrate 
was poured into 1 litre of acetone, with stirring. After 
standing for I hr the dark-green precipitate was filtered off 
under suction and washed with a small amount of acetone. 
The product was dried at 40” under vacuum. The yield was 
about 5.6 g of crude product (56%). 

Purification and analysis of PSC 

A 2.0-cm bore chromatographic column 80 cm long was 
prepared with Polyamide 6 (Beijing). About 5 g of the crude 
product was dissolved in the minimum amount of water, 
applied to the top of the column, and eluted with water at 
a flow-rate of 0.5 ml/min. The green fraction of the eluate 
(ca. 50 ml) was evaporated to dryness at 40” under vacuum. 
The product was evaluated by paper chromatography as 
described above, and also by thin-layer chromatography. A 
9: 1 w/w mixture of Polyamide 6 and cellulose powder 
slurried with methanol was spread on a 6.5 x 18 cm glass 
plate to give a layer 0.3-0.5 mm thick. The sample, dissolved 
in water, was applied to the air-dried plate and the chro- 
matogram developed with 0.05M sodium hydroxide 
(R,= 0.83). The product was a dark green hvgroscooic solid 
with metallic lustre. Analysis: C,H,,N,O,,S requires 
4.08%N, 4.66x& found, 4.2%N, 4.5x.S. The principal in- 
frared bands were at 525, 700, 900, 1380, 1590, 2980 and 
3350 cm-‘. 

All solutions were prepared with demineralized water and 

analytical-reagent grade chemicals unless otherwise stated. 
The stock solution of lO_*A4 PSC was prepared from the 

purified reagent and diluted as required. Cetyl- 
trimethylammonium bromide (CTMAB, Fluka) was used 
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without further purification. Standard solutions of rare- protonated tertiary amino groups (&-K,,,) takes 
earth ions were prepared from the corresponding spectrally are 
pure oxides (except La,O,, 99.99% and Y,O,, 99.999% 

place in acidic medium. The constants J&K~,, , 

pure). Solutions of other metal ions were standardized, related to the dissociation of the carboxyl and phenol 

when necessary, by EDTA titration. The carbonate-free groups. The Bjerrum formation function fi for the 

hydroxide solutions used in the potentiometric titrations protonation of L9- may be written as 

n = KJH+] + 2Ka,,K,,z[H+]2 + . . . + 11K,zK~~2. . Ka,,,[H+]” 

1 + KJH+] + K,.,K.,,*[H+12 + . + K,,,K.,,2. . K =.,, [H+]” 
(1) 

were prepared by passing 0.2M potassium chloride through 
a column (8 mm bore, 10 mm long) of Zerolit FF (OH- 
form, 200 mesh). The potassium hydroxide solution ob- 
tained was collected in a thisk protected with a soda-lime 
tube, and standardized by acid-base titration. 

Potentiometric studies of dissociation equilibria 

PSC solutions were potentiometrically titrated with po- 
tassium hydroxide under an atmosphere of nitrogen.“ The 
flow of nitrogen was stopped during readings. The degree of 
neutralization a and average number of bound protons R 
were calculated and the A-pH curves constructed. The 
ionization constants were calculated by the Bjerrum 
method.5 

RESULTS AND DISCUSSlON 

Synthesis and purijication of PSC 

Preliminary experiments showed that in aqueous 
alcohol medium the Mannich reaction was difficult to 
control, owing to the tendency to polymerization. Of 
the tested reaction media, glacial acetic acid gave the 
best yield. The paper chromatography described 
showed that the spot of crude product remained at 
the starting point (R,= 0) and did not contain un- 
reacted PV (R, = 0.45). 

For the separation on the Polyamide 6 column, 
water was used as the eluent to avoid introducing 
alkali-metal ions. A blue fraction of impurities ap- 
peared before the green fraction for some batches of 
crude product. The blue fraction was discarded and 
only the green fraction collected. The main part of 
the impurities (brown in colour) remained on the 

column. 

Dissociation of PSC 

Under strongly acidic conditions PSC can take up 
two protons to give a form that will be represented 
by H,,L2+. The acid-base equilibria of PSC are: 

H,,L:‘+H,,L+~H,L+==+ 
PK,.? P&J 

H& * H,L’- G+ H,L3- * 
.I Ph.6 

H 5 L4- ++ H,L’- a 
d 

pK ,8 H3L6- 2 
d pKa.9 

H2L7m + HL8- &=!Z% ~9 
d P&II 

The dissociation of the sulphonate group and the two 

and can be calculated from the equation? 

ii = (9 - a)T,, + PHml - W+l 
T 

P= 

(2) 

where Tpsc is the total PSC concentration and a is the 
degree of neutralization, defined as ratio of moles of 
sodium hydroxide added to moles of PSC taken. 

The formation curves for protonation of L9- in the 
absence and presence of CTMAB (1.5 x lo-‘M) are 
shown in Fig. 1. The PK.,,, values calculated are 

presented in Table 1. 
The presence of CTMAB inhibits the dissociation 

of the first carboxylic acid group (KJ, but promotes 
the remaining steps. 

Figure 2 shows the absorption spectra of PSC at 
various pH values. The equilibrium corresponding to 
constant Ka,, is mainly responsible for the colour 
change of the indicator from yellow to blue. On 
addition of CTMAB to the yellow PSC solution at 
pH 5.0, the Ka,, value increases remarkably and the 
solution turns blue. The values of Ka,, and K& can 
easily be determined spectrophotometrically. From 
the pH-absorbance curves at 620 nm (for Ka,,) or 610 
nm (for K&), pK,,, and pK& have been found to be 
5.36 and 4.49, respectively. These values are in good 
agreement with those obtained from potentiometric 

measurements. 

80 - 

I a 7.0 - 

60 - 

50 - 

40 - 

30- 

20 I , , I I 

12345678 

n 

Fig. 1. The formation curves for protonation of PSC (L9.-): 
I, in the absence of CTMAB; II, in the presence of CTMAB 

(1.5 x 10~‘M). 
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Table 1. Acid dissociation constants of PSC 

pi,, 2.03 4 3.08 5 3.92 6 5.40 7 9.36 8 10.20 9 11.40 10 12.15 11 

pKI, 2.60 2.95 3.30 4.50 8.25 9.65 10.60 11.70 

K ,JL,LlW+l. 
‘.I F-L;+,Ll ’ 

lomc strength = 0.1 (KCI); the K:,, 

values are the apparent acid dissociation constants deter- 
mined in the presence of CTMAB. 

Colour reactions of PSC with metal ions 

PSC forms intensely coloured water-soluble com- 
plexes with many metal ions. The characteristics of 
these reactions are summarized in Table 2. 

The complexation reaction of Bi(II1) with PSC has 
been taken as an example for more detailed in- 
vestigation. In 0. 10M nitric acid medium, at least two 
Bi(III)-PSC complex species are formed. In the pres- 
ence of excess of Bi(III), a blue 1: 1 complex is 
formed, with absorption maximum at 620 nm. When 
PSC is in excess, a red complex with metal:ligand 
ratio of I:2 is formed, with an absorption maximum 
at 505 nm. The stepwise stability constants of the 1: 1 
and 1:2 complexes, determined by the method of 
corresponding solutions modified by Guan et al.’ are 
log K, = 5.45 and log K2 = 3.89 (in O.lM nitric 
acid/O. 1M potassium nitrate medium). The apparent 
molar absorptivity of the 1:2 complex is 2.15 x lo4 

0.5 

0.4 

z 

5 0.3 
a 

k 

2 0.2 

a 

0.1 

0.0 

420 500 600 700 

X (nm) 

Fig. 2. Absorption spectra of PSC at various pH values: 1, 
2.41; 2, 3.30; 3, 4.00; 4, 6.10; 5, 9.46; 6, 10.50; 7, 11.80; 8, 

13.00. 

l.mole-‘.cm-‘. The sensitivity of PSC as a col- 

orimetric reagent for Bi(II1) is better than that of X0 
(&530 = 1.6 x lo4 l.mole-‘.cm-‘)’ or PV(&,,, = 1.37 x 
lo4 1. mole-‘. cmm’).9 PSC is a useful indicator for the 
EDTA titration of bismuth, giving a colour change 
from blue to yellow in 0.5M nitric acid medium. A 
transient purple-red colour develops just before the 
equivalence point, and is a useful signal of the 
approaching end-point. The relative standard devi- 

Table 2. Spectrophotometric characteristics of metal-PSC complexes formed with excess 
of PSC 

Metal ion PH* E .__, nm 6, lo4 I.mole-‘.cm-’ 

AI(II1) 4.0 530 
Be(I1) 5.0 500 
Bi(II1) O.lM HNO, 505 
Cd(I1) 5.0 580 
Ce(II1) 4.2 550 
Co(II1) 5.0 560 
Cr(II1) 4.0t 530 
Cu(II1) 5.0 560 
Er(II1) 4.20 550 
Fe(U) 5.0 570 
Fe(II1) 3.6 530 
Ga(II1) 1.5 (HNO,) 520 
Gd(II1) 4.20 550 
Hg(II) 5.0 510 
La(II1) 4.20 580 
Mg(II) 10.0 550 
Mn(I1) 5.0 530 
Nb(V) 2.4 (ClCH,COOH-HCI) 530 
Nd(II1) 4.20 550 
Ni(I1) 5.0 620 
Pb(I1) 5.0 540 
Pr(II1) 4.20 550 
Sm(II1) 4.20 550 
Sn(I1) 4.0 530 
Sn(IV) O.lM HC1 530 
V(V) 3.615 540 
Y(II1) 4.20 560 
Zn(I1) 5.0 550 

0.26 
0.32 
2.15 
0.70 
1.50 
0.94 
1.31 
1.06 
1.09 
1.20 
1.84 
0.55 
1.28 
0.54 
1.81 
1.25 
0.51 
1.50 
0.93 
1.23 
1.20 
1 .oo 
0.95 
1.00 
1.87 
0.86 
1.85 
1.70 

Zr(IV) O.lM H2S0, 530 1.80 

*HOAc-NaOAc buffer unless otherwise stated. 
tHOAc-NaOAc buffer containing ascorbic acid. The colour develops after heating in 

a boiling water-bath for 10 min. 
§Heating in a boiling water-bath for 5 min. 
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ation is found to be 0.06%. Details will be published 
elsewhere. 

In acetate solution buffered at pH 4.2, lan- 
thanum(II1) forms a 1:2 red complex with PSC, 
apparent stability constant 1.23 x lo9 (PH 4.2, ionic 
strength O.lM). Similarly, yttrium give a 1:2 complex 
with an apparent stability constant of 6.17 x 10’ (pH 
4.2, ionic strength O.lM). In the presence of 
CTMAB, lanthanum and yttrium form blue ternary 
complexes with PSC, the molar absorptivities of the 
La(III) and Y(III) complexes being 6.5 x lo4 (650 
nm) and 7.31 x lo4 l.mole-’ .cm-’ (640 nm), re- 
spectively (for [metal] = 1 x lo-‘M, [PSC] = 3.5 x 
10m4M). A preliminary investigation shows that the 
increase in sensitivity seems to be the formation of 
complexes with unusual metal-to-ligand molar ratios. 
It is interesting that addition of an organic solvent 
such as ethylene glycol depresses the formation of the 
lanthanum ternary complex but remarkably enhances 
the absorptivity of the Y(IIItPSC-CTMAB species. 
This effect can be utilized for the determination of 
yttrium in the presence of lanthanum. 

When PSC solution is mixed with an aged zir- 
conium(IV) solution, a slow complexation reaction 
takes place. Trace amounts of fluoride catalyse this 
reaction, even at a fluoride concentration as low as 
5.0 x lo-“M. This provides a promising means of 
kinetic assay of traces of fluoride. It is difficult to 
detect fluoride in water at levels below lo-‘M with a 

lanthanum fluoride electrode, because traces of 
fluoride are released from the membrane surface itself 
into the test solution, and the PSC-Zr(IV) reaction 
will easily distinguish between two samples of demin- 
eralized water, one of which has been in brief contact 
with a lanthanum fluoride electrode. This is a very 
sensitive qualitative test, but its analytical character- 
istics depend on the history of the zirconium solution, 
and quantitative application will require further in- 
vestigation. 
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R&m&--L’Btude de 8 Chantillons commerciaux d’bosine montre que l’utilisation de ce colorant comme 
mMicament se heurte g 3 problemes: hydratation et teneur en composes mintraux trts variables selon les 
tchantillons, mais surtout complexit& importante de la fraction xanthtnique qui peut contenir jusqu’$ 8 
constituants. Cette ttude a nCcessitt la mise au point d’un certain nombre de mCthodes d’analyse d&rites 
dans cet article. 

Deux colorants xanthkniques ont CtC inscrits comme 
mtdicaments B diffkrentes Pharmacopkes. La 
fluoresctine y figure depuis longtemps sous diverses 
formes I-3 et des critkres de puretk ont Cgalement ktk 
dkfinis par 1’Association of Official Analytical Chem- 
ists.4 Enfin il est possible de s’en procurer des 
khantillons commerciaux suffisamment purs.’ 

H”@Y-J&oH 

f luoresc&ine 

Par contre, l’tosine (tktrabromo-2,4,5,7 fluoresckine) 
n’a BtC inscrite que rtcemment $ la IXe Cdition de la 
Pharmacopte FranGaise, et Marshall’ a dkja signal6 
l’h6tkrogCntitt des Cchantillons commerciaux de ce 
colorant. 

Lors d’ktudes antkrieures sur les proprittts des 
colorants xanthkniques, &lo l’obtention d’tosine pure 
s’est rCvClte difficile. 11 peut done Ctre intkressant de 
rapporter les rtsultats observtk lors de l’ktude 
d’ichantillons commerciaux d’kosine, ces rksultats 
diffkrant notablement de ceux dkji publiis et pouvant 
aider B mieux cerner les probltmes de la monographie 
de la Pharmacopte. 

PARTIE EXPERIMENTALE 

Pkparation des colorants bromb sur le cycle xanthPnique 

Les d&iv&s bromCs sur le cycle xanthbnique sont prkparbs 
par action du mClange bromate-bromure sur la fluoretiine 
en milieu mixte eau-a&tone acide. Cette technique tvite la 
formation d’esters du groupement carboxylique.” On utilise 
une quantite de bromate double de celle stoe- 
chiom&iquement necessaire pour obtenir le d&iv6 re- 
cherche. On obtient un mClange de colorants qu’on s&pare 
sur colonne d’kchangeurs d’ions DEAE Trisacryl M’* g 

l’aide d’un gradient eau-mtthanol puis mtthanol-acide 
formique. 

Pkparation des esters des colorants xanthdniques bromb 

11s peuvent itre obtenus par deux voies. (1) PrCparation 
et purification de l%thylfluoresctine par synthtse en milieu 
acide dans l’alcool correspondant,” puis bromation et sip- 
aration chromatographique du melange obtenu selon les 
techniques d&rites au paragraphe pr&dent. (2) On peut 
est%fier individuellement chacun des colorants xan- 
thbniques en milieu alcoolique acide.‘j I1 reste toujours une 
petite-quantitt de colorant xanthknique non e&&it qu’on 
neut eliminer par chromatoaraphie sur Sephadex LH 20, en 
kluant au mtihanol, ou surDEAE Trisa&yl M, g l’aide du 
mtlange utilisk pour la stparation du colorant xanthknique 
correspondant.‘* 

Priparation des produits bromhs sur le cycle C 

Nous avons prtparC la bromo 3’-4’-S-6 fluores&ine par 
action du r&orcinol sur I’anhydride phtalique tCtrabromte 
selon la mtthode classique de prkparation de la 
fluores&ine.‘4 La bromation du cycle xanthtnique et la 
stparation des colorants form&s s’effectuent comme pr& 
ddemment, l’tlution de la colonne &ant r&alis&e par un 
gradient de 0 ti 15% d’acide formique dans le mCthanol. 

Caractkrisation des produits forks 

La caract&isation des produits form&s a irtt obtenue: 

-par RMN’H g 270 MHz sur un appareil Brucker WH 
270 FT; 

-par d&termination des maximums d’absorption dans le 
visible sur un appareil Beckmann Acta III; 

-par dttermination du RM en chromatographie sur 
couche mince de gel de silice avec un milange tluant 
toluine-acide acktique (65:35 v/v) en cuve saturke. 

Etude de la pure& des dchantillons commerciaux 

L’&ude de I’hydratation des 6chantillons a et6 effect&e 
par dessication B 135”.4 La fraction minCrale a CtC &dike 
par la m6thode des cendres sulfuriques de la Pharmacop6e 
et le sodium dose par photomttrie de flamme. Le pour- 
centage en colorant dans les bchantillons a &ti obtenu par 
prtcipitation en milieu acide puis dessication du pr&zipitt.4 
La separation chromatographique a & effect&e sur couche 
mince de gel de silice avec un mtlange tolutne-acide 
a&tique (65:35 v/v) en cuve saturte.15 

En HPLC, nous avons utilise une colonne de silice greffke 
C,, (longueur 10 cm) avec un appareil Varian 5000 tquip-& 
d’un dttecteur Varichrom. Le mtlange Cluant est constitui. 
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d’un gradient mtthanoleau (allant de 10 a 20% d’eau) 
renfermant une concentration constante 0,OSM d’acide 
perchlorique. 

L’analyse qualitative des echantillons a et& effectuee par 
chromatographie sur couche mince par comparaison des R, 
avec ceux obtenus pour des produits purs de reference. 

Le dosage des fractions a ete effectue: 

(1) apres separation chromatographique sur couche mince 
-par densitometrie des taches a l’aide d’un integrateur 

Sebia “Cellomatic” par rapport a un &talon interne 
d’trythrosine; 

-par tlution des spots dans I’ammoniaque a 0,5x et 
mesure de I’absorption a l’aide d’un spectrophotometre 
Beckmann Acta III; 

(2) par HPLC, en etalonnant I’appareil a l’aide des 
produits de reference; 

(3) par spectrophotomttrie des solutions a I’aide d’un 
appareil Hewlett-Packard 8450 A. Le calcul des concen- 
trations est effect& par rapport a des solutions &talons des 
differents constituants des melanges et a partir des courbes 
d&iv&es. 

Le brome a eti dose par le laboratoire de microanalyse du 
CNRS. L’etude a ete effect&e sur huit tchantillons commer- 
ciaux d’tosinate de differentes origines: bosinate de sodium 
1, Y RAL no 18; 2, Aldrich (numero de lot non precise); 3, 
Merck 25 89282; 4, Flucka 19637187; 5, RAL extra cri- 
stallisee; 6, Merck 2520149; 7, Flucka (lot non precise); 8, 
Cosinate de potassium RAL. 

Deux echantillons ont et& Ctudies des I’ouverture du 
flacon (no 3 et 4) alors que les autres ttaient plus anciens. 

Nous avons tgalement analyst un echantillon de dibromo 
4,5 fluoresceine moleculaire, Koch and Light, no 65491. 

RESULTATS 

Caracthistiques des produits purs 

Les caracteristiques des produits obtenus sont ras- 

sembles dans le tableau 1 pour la RMN ‘H dans le 

DMSO d6 et dans le tableau 2 pour les proprietCs 

d’absorption dans le visible. En RMN ’ H on observe 
en outre deux signaux a 6 = 0,89 et 4,05 ppm pour les 
esters Cthyliques. 

La figure 1 represente les courbes reliant les R, , en 

-1.0 I-- --- I 
cl 1 2 3 4 

Fig. 1. RM de la fluoresceine et de ses derives en fonction du 
nombre d’atomes de brome fixes sur le cycle xanthenique: 
Vuoresceine; + Cthylfluoresceine; 0 fluoresdine bromte 

sur le cycle C. 

chromatographie sur couche mince, au nombre 
d’atomes de brome fixt sur le cycle xanthenique. 

Purett! des Pchantillons commerciaux 

Le tableau 3 regroupe les resultats d’ensemble 
obtenus pour les Cchantillons Ctudies. 

DISCUSSION 

Pkparation des produits de Gfkence 

Les produits purs de reference ont ete obtenus par 
application ou modification de methodes classiques 
de synthese, les melanges obtenus &ant &pares sur 
Cchangeur d’ion DEAE Trisacryl M. La purete de ces 
produits a et6 vtrifee par chromatographie sur 
couche mince. La nature des colorants isoles peut 2tre 
deduite de la reaction ayant servi a les preparer et 
verifiee par des proprietes simples. 

Pour les produits substitues sur le cycle xan- 
thenique, la RMN ‘H montre la disparition 
progressive des protons en fonction du nombre 

Tableau 1. D&placements chimiques 6 ppm obtenus en RMN ‘H pour les colorants xan- 
thtniques dans le DMSO d,, 

H, H, H, H, H, H, H,. H,. HY H, 

Fluoresceine (Fl) 6,60 6,47 6,47 6,47 6,47 6,60 7,96 7,68 7,76 7.23 
Bromo-4 FI 6,67 6,50 - 6,52 6,50 6,67 7,94 7,65 7,74 7,24 
Bromo-4,5 FI 6,72 6,54 - - 6,54 6,72 7,96 7,69 7,77 7,32 
Bromo-2,4,5 Fl 6,73 - - - 6,53 6,82 7,96 7,70 7,77 7,35 
Eosine 6,85 - - - - 6,85 8,00 7,73 7,81 7,47 

Tableau 2. Caracttristiques des spectres electroniques des colorants xantheniques, de leurs esters et des 
derives bromes sur le cycle C (solvant NH,OH 0,5x) 

Fluoresceine (Fl) Bromo-4 Fl 

I nm max, 490 496 
s, I.mole-‘.cm-’ l,OO,. 105 9,24. lo4 
ester tthylique 
I,,,, nm 494 500 

derives bromes en C 
I nm mall 510 517 

Bromo-4,5 Fl Bromo-2,4,5 FI Eosine 

504 510 516 
8,54. IO4 9,07.104 1,02,. 105 

508 514 520 

525 531 539 
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Tableau 3. Rcsultats (experimts en % de la prise d’essai) obtenus pour difkents tchantillons commerciaux et 
dibromofluoresceine 

1 9,2 650 6,40 795 54 17,6 2,6 - - 4,9 - 0,4 - - 354 2,32 
2 14,4 583 6,30 78 47,5 25,5 1,7 t t 1,4 - 0,5 - 1,4 355 2,22 
3 2,5 6,57 7,20 88,2 59 15,3 8,3 - - 4,s - 0,8 t - 3,27 2,09 
4 3,95 6,35 6,90 86,7 61,7 22,4 0,l - - 2,5 - - - - 3,39 2,36 
5 9,6 7,53 - 78,5 58,7 l7,l 2,l - - - 0,6 - - - 3,60 2,49 
6 11,75 5,96 5,90 80,2 64,6 11,l 5,5 - - - - - - - 3,62 2,54 
7 9,35 6,72 - 80,l 49,5 25,4 0,5 - - 3,8 - 0,9 - - 357 2,45 
8 11,s 8,18 - 73,6 70 3,6 - - - - - - - - 364 2,63 

Bromo 
4,5 Fl 2,2 0 0,20 97,5 7,5 21 36 24 9 - - - - - - - 

*Exprimces en sodium. 
tTraces non quantifiables. 

d’atomes de brome fixes en 4,5 puis en 2,7 (tableau 
1). Le spectre des esters posdde en outre les signaux 
du groupement Cthyle (6 = 0,89 et 4,05 ppm). Enfin 
pour les derives bromes sur le cycle C, on observe la 
disparition des massifs situ& entre 7 et 8 ppm en 
m&me temps qu’un deblindage des protons H,_, sous 
l’influence de la modification du noyau C. 

En chromatographie sur couche mince, la courbe 
reliant le R, au nombre d’atomes de brome fixes sur 
le cycle xanthenique est sensiblement une droite pour 
les trois classes de composes. Comme prevu d’apres 
la valeur de l’tnergie d’adsorption du brome sur silice 
(Q = -0,1716) l’augmentation de la teneur en cet 
element entraine une acceleration de la migration du 
colorant (figure 1). 

Les spectres d’absorption dans le visible sont 
d’aspect semblable. Leur maximum subit un effet 
bathochrome lit a la presence de brome sur le noyau 
xanthenique. L’esterification entraine en outre un 
deplacement de +4 nm alors que la bromation du 
cycle C augmente de 20 nm la position du maximum 
(tableau 2). 

PuretP des Cchantillons commerciaux 

Cette etude met en evidence I’importance et la 
variabilite de la teneur en eau des Cosinates, teneur 
qui peut atteindre 15% pour des echantillons anciens. 
D’autre part, la conservation des sels augmente for- 
tement leur hydratation: pour l’echantillon no 3 la 
perte a la dessication passe de 2,5 a 6,6x apres deux 
mois de conservation. Enfin les formes moltculaires 
sont beaucoup moins solvatees que les sels: nous le 
verifions ici pour la dibromofluoresceine etudiee, 
comme nous l’avions observe pour la fluoresctine.’ 
Ce caractere fortement hygroscopique des sels pose le 
probleme de leur conservation. 

La concentration en sodium, superieure a celle 
attendue de la teneur reelle en colorant, est lite a 
l’existence d’impuretes minerales et de derives moins 

bromes que l’eosine renfermant un pourcentage plus 
important de cet ion. Enfin, par difference avec les 
resultats obtenus par photometric de flamme, les 
cendres sulfuriquesdont les resultats sont ici ex- 
primes en sodium-montrent que les Cchantillons 
contiennent sans doute de faibles quantites d’autres 
cations. 

La teneur globale en colorant, dtterminee par 
gravimetrie de la forme moltculaire precipitee en 
milieu acide, depend essentiellement de l’hydratation. 
La somme des concentrations en sodium et en col- 
orant et de la perte a la dessication est en effet assez 
proche de 100x, montrant ainsi que la teneur en 
elements mintraux est generalement faible. 

L’analyse qualitative de la fraction xanthenique, 
effectuie par chromatographie sur couche mince, 
montre la complexite des produits Ctudits, le nombre 
de composants pouvant varier de 2 a 8. I1 semble 
done difficile d’obtenir des Cchantillons commerciaux 
purs. On peut noter que le rapport des absorbances 
a 516 et 490 nm-kgal a 2,81 pour un echantillon 
d’eosine pure-parait constituer un test valable de la 
purete de l’eosine (tableau 3). 

L’etude quantitative des differentes fractions a tti 
effectuee sur trois Cchantillons, par quatre techniques 
differentes avec une bonne concordance des resultats. 
Les valeurs du tableau 3 ont eti obtenues par chro- 
matographie sur couche mince suivie d’elution et 
mesure de l’absorbance des solutions. Les rtsultats 
montrent que la teneur globale en cosine est gener- 
alement faible et comprise entre 50 et 70% des 
Cchantillons. On peut remarquer que la complexite 
des Cchantillons rend inapplicable la methode de 
spectrophotomttrie a trois longueurs d’onde pro- 
poke par Marshall’ car elle ne prend en compte 
que trois colorants (tosine, tribromofluoresceine, 
fluoresdine) qui ne reflttent pas la composition de la 
plupart des echantillons. 

Cette complexite des Cosinates commerciaux 
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confirme que la bromation de la fluoresctine est tres 
delicate: elle presente en effet deux difficultes im- 
portantes. Selon la densite Clectronique calculee sur le 
cycle xanthenique’ la bromation s’effectue en 4,5 puis 
en 2,7 enfin beaucoup plus difficilement sur le cycle 
C dtsactive par le groupement carboxylique. Toute- 
fois les reactions sont assez lentes et la vitesse differe 
notablement selon la position. L’exds de reactif peut 
done attaquer le produit forme avant que le produit 
initial ait entitrement magi. On retrouve done sys- 
tematiquement dans le milieu plusieurs composes a 
differents stades de bromation (fluoresceine, derives 
mono, di, tri et tetrabromts sur le cycle xanthenique 

s&parer par chromatographie les produits 
commerciaux’* mais le prix de revient devient alors 
tres Cleve. 11 semble done necessaire de prtciser la 
nature et la teneur limite en impure& admissibles, en 
tenant compte des difficultes de la synthese et en se 
basant sur leur efficacite therapeutique et leur toxicitt 
eventuelle. 
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Summary-Complex formation (1: 1) between lanthanides(II1) and 4-(2-pyridylazo)resorcinol (PAR or 
H,R) has been studied by spectrophotometry. The method is based on indirect estimation of the 
protonated (MHR) and the normal (MR) complexes by measuring the absorbance at the peak for the 
ligand, which decreases with increasing metal concentration at a constant pH. Similar experiments were 
made at various pH values. Both MHR and MR complexes were found to be formed in the pH range 
5-6. Their formation constants, log&,, and log&,, determined by graphical analysis, ranged from 
3.78 + 0.02 (Ce) to 4.39 + 0.02 (Lu), and from 9.61 k 0.06 (Ce) to 10.70 k 0.05 (Lu), respectively. The 
acidity of the MHR complexes parallels the order of stability of the MR complexes. 

4-(2-Pyridylazo)resorcinol (PAR or H,R) forms in- 
tensely coloured complexes with many metal ions and 
is widely used in analytical chemistry.‘,* The for- 
mation of these complexes is known to be very 
dependent on pH but little information on the com- 
plexation equilibria has been obtained. Such informa- 
tion will aid in choosing experimental conditions so 
as to increase the selectivity. The system is rather 
complicated because of simultaneous formation of 
the protonated and normal type of complexes with 
many metal ions. In a previous paper3 we proposed 
a method for facilitating the spectrophotometric 
analysis of these two types of 1: 1 complex, and 
applied it to the zinc and lanthanum PAR complexes. 
The results showed that the method was more 
applicable to the lanthanum system because a larger 
variation in absorbance with change in metal concen- 
tration could be obtained, owing to the lower absorp- 
tivity of LaHR at the absorption peak for the free 
ligand, PAR. This suggests that the method should 
also be applicable to the system of PAR and the other 
lanthanides(II1). Sommer and Novotna4 have studied 
the PAR complexes of several lanthanides(II1) and 
found no simple relation between the stability of the 
complexes and the atomic number or radius of the 
lanthanide ions. To establish such a relationship the 
complexation should be studied for all the lan- 
thanides(II1). 

In the present work, we investigated the complex- 
ation of PAR with all the lanthanides(II1) by apply- 
ing the method developed previously,3 and have 
compared the results with those reported by Sommer 
and Novotna.“ 

Reagents 

EXPERIMENTAL 

All chemicals used were of analytical-reagent grade. PAR 
was obtained from Dojindo Chemical Co., and purified by 

recrystallization. The purity was checked by thin-layer 
chromatography.5 The concentration of PAR in its aqueous 
stock solution was calculated from its weight. The lan- 
thanide(II1) nitrate solutions, except for cerium(III), 
were prepared by dissolving the calculated amounts of 
the respective oxides in nitric acid. The ccrium(III) 
nitrate _ solution was prepared by dissol;ing 
Ce(NO,),. 2(NH,NO,).4H,O in 0.01 M nitric acid. and stan- 
da;dizez’by‘ED?A &at&. Sodium acetate and’ hexamine 
solutions (0.02M) were used to maintain the pH in the range 
4.8-6.3. The ionic strength was maintained at 0.1 with 
sodium nitrate. 

Procedure 

The metal solution was added in small increments (50 PI), 
by ~1 pipette, to 10 ml of buffered PAR solution 
(2.0-3.0 x 10e5M), to give concentrations increasing from 
lo-” to 5 x IO-jM. Before and after each addition of metal 
the absorbance at the wavelength for the absorption peak 
of PAR (which depends on the pH, and varies from 390 to 
413 nm) was measured with a Shimadzu UV 200s spec- 
trophotometer. No precipitation occurred under these ex- 
perimental conditions. 

RESULTS AND DISCUSSION 

Absorption spectra of the complexes 

The absorption spectra of PAR solutions contain- 
ing excess of each lanthanide(II1) were measured over 
the range 35&600 nm. The variation in the spectrum 
with metal concentration (CM) was investigated at 
constant pH values in the range 4.8-6.3. The absorb- 
ance at the peak for PAR was observed to decrease 
with increasing C,. After addition of sufficient metal 
there was no observable change in the spectra, indi- 
cating practically complete formation of the I: I 
complexes. The spectra varied according to the lan- 
thanide(II1) used and the pH. The spectra obtained 
for different lanthanides(II1) at pH 4.83 showed two 
maxima, at 410 and 495 nm. The apparent molar 
absorptivities at 410 nm decreased from 1.48 to 
1.28 x IO4 l.mole-‘.cm-’ and those at 495 nm in- 

1129 



1130 ANALYTICAL DATA 

creased from 0.95 to 1.15 x 10“ l.molee’.cm-’ with 
atomic number of the lanthanide. The isosbestic 
points also varied from 428 to 442 nm. As the pH 
increased, the peak at 410 nm decreased and the one 
at 495 nm (which was slightly shifted to 500 nm at pH 
6.3) increased remarkably with atomic number. To 
study the latter peak more extensively we further 
increased the pH by adding a small amount of 1.OM 
sodium hydroxide. As a result, the peak was further 
shifted to 505 nm and showed nearly the same 
limiting absorptivity of 3.0 x lo4 l.molee’.cm-’ for 
all the lanthanides, though this value was reached at 
different pH values for the different lanthanides, 
ranging from pH 6.7 (Lu) to 7.5 (Ce). From these 
facts, the peaks at 410 nm and 495 nm are attributed 
to the MHR complex and that at 505 nm is attributed 
to the MR complex. 

Determination of the formation constants of MHR and 
MR 

As described previously,3 the stability constants of 
the metal complexes of PAR (H,R), MHR and MR, 
can be indirectly estimated by utilizing the ligand 
absorption peak. The absorbance at the peak for the 
free ligand, measured in the absence (A,) and the 
presence (A) of the metal, under conditions where 
C, + C, (C, = ligand concentration), can be related 
to the formation constants, KhnHR and KMR, of the 1: 1 
complexes MHR and MR assumed to be formed as 
follows (charges are omitted for simplicity): 

CR = [MHR] + [MR] + [R’] (1) 

A = ahlHRIMHR] + s&MR] ++[R’] (2) 

where R’ is the free ligand not combined with any 

metal, and sMHR, .ahlR and sR. are the molar absorp- 
tivities of MHR, MR and R’ respectively, at the 
wavelength of the free-ligand peak. With the aid of 

A, /A 

Fig. 1. Plots according to equation (5) for the system of 
PAR and different lanthanides(II1) at a constant pH of 5.70. 
(1) Lu, Yb; (2) Tm; (3) Er; (4) Ho; (5) Dy; (6) Tb, Cd, Eu, 

Sm; (7) Nd; (8) Pr; (9) Ce. 

the formation constants, KMHR = [MHR]/[M] [HR] 
and KM,, = [MR]/[M] [RI, the acid dissociation 
constants of H,R, K, = [H] [HR]/[H,R] and 
Kg = [H] [R]/[HR], and the Ringbom cc-coefficient,6 
c(~ = [R’]/[R], equations (1) and (2) can be converted 
into the following expressions: 

[Ml (f&JGWl 

+ &&&Y(MVG) = GAR’I - 1 (3) 

A /CR, = [R/l{ 1 + (Q~RKMHRKI[HI 

Combining equation (3) with equation (4) and sub- 
stituting CM for [M] (since C, $ C,), and A0 for 
CR.+, we obtain 

+wwAvdC[Hl+ %wC,,K,K~ 4, - X- 

E a KK R R I 2 A 

= (A,IA - 1)/G, (5) 

From equation (5) a linear relation between 
(A,/A - 1)/C, and A,/A should be obtained at con- 
stant pH (where Ed. remains constant). The product 
of the intercept y0 on the y-axis b = (A,/A - 1)/C,], 
at a fixed pH, and mRK,KZ is a function of [HI: 

According to equation (6), a plot of the left-hand side 
of equation (6) us. [H] should be linear in a pH-range 
where no hydrolysis of the metal ion occurs. From 
the slope and the intercept of the line, both KMHR and 
KMR can be determined. 

From the measured absorbance decreases at the 
peak for PAR with increasing metal concentrations 
and constant pH, we plotted the relation expressed by 
equation (5). All the plots at different pH values for 
the different lanthanides(II1) were linear with a nega- 
tive slope as expected. The intercepts on the y-axis, 
which indicate the degree of complex formation, 
increased with either increasing pH or atomic num- 
ber. There is no observable difference in the values for 
Lu(II1) and Yb(II1) and for Tb(II1). Gd(III), Eu(II1) 
and Sm(II1) at any pH studied, and for Er(III), 
Ho(II1) and Dy(II1) at relatively low pH values in the 
range studied. The intercept ,u, on the x-axis (Au/A) 
at pH 4.83, which might be nearly equal to the ratio 
E~./E#“~ at 390 nm at such a low pH, slightly in- 
creased with atomic number (from 1.5 to 1.7). This 
is in accord with the decrease in the molar absorp- 
tivities of the MHR complexes at 410 nm with atomic 
number (1.48-1.28 x lo4 l.molee’.cm ‘). At the 
higher pH of 5.70, as illustrated in Fig. 1, both the 
x0 and y, values increase with atomic number to a 
greater extent, to give some detectable differentiation 
between Er(III), Ho(II1) and Dy(II1). This would be 
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Table 1. Formation constants of lanthanide_PAR complexes, KMHR and KMR, 
and the proton dissociation constants of MHR, KL,, (O.lM NaNO,, 25°C) 

log 4,~ 

Element 
log &.,mr 
this work This work 

Sommer and 
Novotna4 

P%, > 
this work 

Ce(II1) 
Pr(II1) 
Nd(II1) 
Sm(II1) 
Eu(iIIj 
Gd(III) 
Tb(IIIj 

Dy(III) 
Ho(II1) 
Er(II1) 
Tm(II1) 
Yb(II1) 
Lu(II1) 

3.78 f 0.02 
3.95 f 0.02 
4.07 * 0.02 
4.28 f 0.03 
4.28 + 0.03 
4.28 k 0.03 
4.28 f 0.03 
4.29 + 0.03 
4.29 + 0.03 
4.31 * 0.03 
4.34 + 0.02 
4.39 + 0.02 
4.39 * 0.02 

9.61 f 0.06 
9.78 f 0.06 

10.02 + 0.06 
10.25 + 0.07 
10.25 + 0.07 
10.25 + 0.07 
10.25 z 0.07 
10.36 + 0.06 
10.47 f 0.06 
10.52 k 0.06 
10.57 * 0.05 
10.70 * 0.05 
10.70 + 0.05 

due to formation of MR complexes as well as the 
MHR complexes. The stabilities of the MR com- 
plexes of the heavy lanthanides(II1) must differ more 
than those of the MHR complexes. The slope given by 

-hdkdG[W + &MRK~RK,K*)I(~R.~RK,KZ) varies 
with the KM,, value if it can be assumed that 

eMnR +eENR and eMHR 5 eH.uR (M and M’ being 
different lanthanides), suggesting that the KMHR 
values for Sm(III)-Tm(II1) are not so much different 
from each other. 

To determine the formation constants of the MHR 
and MR complexes we plotted the relationship ex- 
pressed by equation (6) for various lanthanides(II1). 
The values, K, = 10m5.50 and K, = 10-‘2.30,7 were used 
for calculation of a,K,K,. All the plots were linear, 
with intercepts indicating the presence of both the 
MHR and MR complexes. It was generally observed 
that the greater the slope of the line the greater the 
intercept, and that both increased with atomic num- 
ber, though the extent of the two increases was not 
the same. The lanthanides heavier than Sm(II1) 
showed greater difference in the intercept than in the 
slope. The slopes for Sm(III)-Er(II1) were very simi- 
lar, as is to be expected. Table 1 shows the formation 
constants of KMHR and KMR obtained from the slope 
and intercept of the plot of equation (6) and the 
proton dissociation constant of MHR, Kc,,, calcu- 
lated from Ki,, = KZKMRIKMHR. The values were 
obtained by the least-squares method. For com- 
parison the values reported in the literature4 are 
included. Sommer and Novotna4 assumed existence 
of the protonated complexes, MRH* where H* de- 
notes the proton of thep-hydroxy group of PAR, and 
calculated the K’,,, values by using K, as an approx- 
imation to K;, where K, is the dissociation constant 
of H3R+. The resulting values for K;,, were larger 
than those for K,,. However, Chalmers* has stated 
that the use of k, is preferable to use of K3 for the 
approximation, because the a -hydroxy group should 
be regarded intrinsically as at least as acidic as the 
p-hydroxy group, its lower acidity being due to 
internal hydrogen-bonding. For the MR complexes, 

6.47 
9.3 6.47 
9.8 6.35 

10.1 6.33 
6.33 
6.33 
6.33 

10.6 6.23 
6.12 

10.1 6.09 
6.07 

10.2 5.99 
5.99 

our results mostly agree with those reported by 
Sommer and Novotna. Although they offered no 
explanation for the unusual relation between complex 
stability and atomic number, this could result from 
the different values of the molar absorptivity of MR 
(1.484.1 x 10“ l.mole-‘.cm-’ at 530 nm) estimated 
for the different lanthanides(II1). From our results, 
however, the E values of MR at 505 nm are nearly the 
same (3.0 x lo4 l.molee’.cm-‘) for all the lan- 
thanides(II1). 

Comparison of complexation trends of HR and R2- 

The dependence of the formation constants, KMHR 
and KMR on the reciprocal of the ionic radius r is 
plotted in Fig. 2. The two curves show a similar 
complexation trend for the light lanthanides(II1). 
For the heavy lanthanides(III), however, there 
are different trends between the HR- and the R2- 
ligands. These two trends are often observed in 
lanthanide chemistry. According to Moeller et aL9, 
who divided the ligands into three types showing 
different complexation trends, the R2- and the HR- 
ligand belong to the first and the second grow, 
respectively. Although the similarity among the li- 

2 

Fig. 2. Plots of the formation constants of the lan- 
thanide(III)-PAR complexes, MHR and MR, us. the recip- 

rocal of the radius of the metal ions. 
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gands in the respective groups has not been clearly 
indicated, the ligands in the first group are capable of 
forming at least one chelate ring in the complexes. 

In an attempt to elucidate the co-ordination struc- 
ture of the protonated and the normal type of PAR 
complexes, detailed studies on extraction of the 1: 2 
Ni-PAR complexes were made by Hoshino et ai.” 
They suggested that in the chelation of 
Ni(HR),.2H,O and NiRi-, the ligands, HR- and 
R*-, are acting as bidentate and terdentate, re- 
spectively. They stated that the basic change of the 
chelate structure from Ni(HR),.2Hz0 to NiRg- 
and deprotonation of HR- ligand both caused a 
remarkable increase in the absorptivity (from 3.73 
x lo4 to 8.08 x lo4 l.mole-‘.cm-I). Although the 
lanthanide-PAR complexes (1: 1) differ in type from 
the Ni-PAR complexes, a considerable increase in 
the absorptivity (from 0.95-1.15 x lo4 to 3.0 x lo4 
1 .mole-‘.cm-‘) was similarly observed with in- 
creasing pH. The LnR complexes (Ln = lanthanide) 
may have a more stable chelate structure which gives 
rise to a larger difference in stability between the 
heavy lanthanides(II1) than that for the LnHR com- 
plexes. The acidity of the LnHR complexes parallels 
the stability order of the LnR complexes (Table 1). 

CONCLUSIONS 

The complexes MHR and MR can be differentiated 
by spectrophotometric means and their formation 
constants, &,a and I&k, determined. Both values 
regularly increase with increasing atomic number up 
to Sm(II1). For the heavy lanthanides(III), the KMR 

values also increase but the &a values are nearly 
the same. 
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R&urn&Revue sur les ferrocyanures de nickel et de zinc durant la pCriode 1922-1983, avec une attention 
particulitre $ leur composition et leur structure en relation avec les mbthodes de pr&paration. 

During the last two decades, inorganic ion- 
exchangers have attracted chemists because they 
seemed to be very useful in separative chemistry. A 
rapid development in nuclear energy, hydro- 
metallurgy, and recovery of valuable materials from 
industrial wastes has enforced attempts to synthesize 
highly selective ion-exchange materials resistant to 
chemicals and ionizing radiation.‘F2 Among them, 
insoluble ferrocyanides have been studied mainly in 
connection with the removal of caesium in decon- 
tamination of radioactive liquid wastes.3 The ferro- 
cyanides of bivalent metals have been the most 
extensively studied. It has been shown that zinc4T5 and 
nickel ferrocyanides6 in particular have an excep- 
tionally strong affinity for caesium ions. 

Before undertaking a systematic study of the ex- 
change properties of these ferrocyanides, we needed 
a good knowledge of their chemical composition and 
structure in relation to the methods used for their 
preparation. We therefore made a thorough literature 
survey, and tried to make a synopsis of what was 
published on these topics, which we hope will be 
helpful to all those who want to use these products 
for laboratory studies or industrial applications. In 
order to make appraisal easier, the collected informa- 
tion is summarized in Table 1 for zinc ferrocyanides 
and in Table 2 for nickel ferrocyanides. 

PREPARATION METHODS 

The main purpose of this survey was to specify 
which preparation procedure should be used in order 
to obtain a product of controlled composition and 
structure. In the first three columns of Tables 1 and 

2 we indicate the main experimental features, when 
details are available. In most cases the ferrocyanide 

precipitate is obtained by mixing a ferrocyanide 
solution (alkali-metal ferrocyanide or ferrocyanic 
acid) with a solution of a nickel or zinc salt. Some- 
times a solution of another alkali-metal salt is also 
added. The ratio of cations to ferrocyanide ions 
is an important factor. In some cases it varies con- 
tinuously during the preparation, when one of the 
solutions is slowly added to the other. In other cases 
it remains constant, when the solutions are added 
simultaneously at the same rate. 

The grain size of the precipitates and even the 
preparation yield are seldom indicated in the litera- 
ture, so we cannot give any precise indications on 
these subjects. With such sparingly soluble products 
as zinc and nickel ferrocyanides, the particles are 
always very small and may even be colloidal. Most 
authors suggest dropwise addition of the solutions, 
because it should avoid formation of too small 
particles. According to some authors the proportion 
of colloidal particles depends on the reactant ratio. 
The colloidal character of nickel ferrocyanide is said 
to decrease when the Ni/Fe ratio increases from 1 to 
1.5.’ Kourims recommends a 50% excess of zinc in 
order to avoid colloidal Zn,Fe(CN),. In contrast, 
Kawamura4 recommends using the stoichiometric 
ratio, in order to obtain a well crystallized 
Na,Zn,[Fe(CN),], precipitate. Aging of the precip- 
itate in the solution is used by some authors to 
increase the grain size. 

We also indicate the conditions for drying the 
precipitate, whenever they were given. They vary 
widely: the temperature ranges from ambient to 140 
and the drying is done in air or in vacuum. The 
drying conditions may influence the structure and 
composition of the ferrocyanide. 

The exchange properties of the ferrocyanides have 
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been used by some authors for changing the com- 
position of already precipitated products.“3 In some 
cases, the structure is also modified during this 
process.9 

Single crystals of composition M:Zn,[Fe(CN),], 
have been prepared by slow diffusion of M:Fe(CN), 
(M’ = Na or K) and ZnCl, through silica ge1.‘4x’5 This 
preparation took about three months and led to 
0.05 mm crystals, which were used for accurate X-ray 
analysis. The analogous Cs,Zn,[Fe(CN),], single 
crystals were obtained by ion-exchange of 
Na,Zn,[Fe(CN),], crystals with caesium ions.16 

COMPOSITION AND STRUCTURE 

We first looked at the methods used for deter- 
mination of the chemical formulae, and in the tables 
have indicated these methods in footnotes. Often, 
however, the methods were not given by the authors 
and we do not know whether the formulae given were 
based on analysis or simply assigned from theoretical 
assumptions. The methods that are given may be 
divided into two types: (1) chemical analysis of the 
products or the residual solutions; (2) potentiometric 
or conductimetric measurements during the precip- 
itation. It should be noted that the formulae deduced 
from measurements of the second type do not neces- 
sarily reflect the composition of the product which is 
achieved after filtration and drying. The crys- 
tallographic structures were deduced from X-ray 
diffraction work. 

Zinc ferrocyanides 

The compositions obtained are summarized in Fig. 
1. We first notice that a stoichiometric formula is 
nearly always given for all the series. Pure zinc 
ferrocyanide Zn,Fe(CN), is produced when the ratio 
of zinc cations to ferrocyanide anions used is > 2, in 
presence of either sodium or hydrogen ions. Accord- 
ing to Bellomo ” this also holds when potassium 
ferrocyanide is used. It should be noted, however, 
that this author did not analyse the product obtained, 
but used potentiometric measurements during the 
precipitation. More recent studies,s*‘4 with accurate 
analyses of the precipitates, indicated that with potas- 
sium ferrocyanide, pure Zn,Fe(CN), ferrocyanide 
could not be obtained even with high Zn/Fe ratios 
and concentrated solutions. 

The structure of this compound was found to be 
orthorhombic by Cola and Ganzerli-Valentini.” A 
more recent study by Siebert et ~1.” finds a trigonal 
lattice for the Zn,Fe(CN), .2H,O hydrate and gives 
an explanation for the earlier interpretation. 

If the Zn/Fe ratio used is < 1.5, in the presence of 
sodium,‘9v20 ammonium6s’9 or hydrogen’9,2’ ions, a 
mixed ferrocyanide is obtained. The formula assigned 
is M~Zn,[Fe(CN),], where M’ is the alkali-metal 
ion. In presence of potassium ions, according to 
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the most recent studies, a mixed ferrocyanide is 
obtained whatever the Zn/Fe ratio. In most cases 
the formula K,Zn,[Fe(CN)& is assigned.s.‘7,20,22.23 
MgZn,[Fe(CN),], and CaZn,[Fe(CN),], belong to 
the same series.19 

The structure of this series was accurately deter- 
mined by X-ray diffraction methods with powder and 
single crystals. “~‘5~‘6.24 It belongs to the rhombohedral 
system R%. The parameters vary very slightly ac- 
cording to which alkali metal is present. 

For the products obtained in presence of potas- 
sium ions, other compositions are sometimes given: 
cubic K,ZnFe(CN), by Rigamonti23 and Ayers et aL2’ 
or tetragonal K,,,Zn,,,,Fe(CN), by Vol’khin et al.“. 

Precipitation in the presence of caesium ions leads 
to a product with formula Cs2ZnFe(CN),.‘9.22.26.27 and 
a cubic structure.“‘*26.27 

Kuznetsov et aL2’ proposed another composition, 
also with a cubic structure. 

Ion-exchange has been used in order to obtain 
mixed zinccaesium ferrocyanides. Starting from 
Zn,Fe(CN),, the exchange leads to Cs2ZnFe(CN)6.9,i’ 
Starting from the M:Zn, series (M’= Na, K), the 
exchange leads to Cs,Zn,[Fe(CN),], which belongs to 
the same RTc space group.5,‘6 

According to Ganzerli-Valentini et al.,” sodium 
ions cannot be retained on Zn,Fe(CN), by ion- 

Nickel ferrocyanides 

The compositions found in the literature are re- 
ported in Fig. 1. In contrast to zinc, the compounds 
are mostly non-stoichiometric. 

Pure Ni,Fe(CN),, nickel ferrocyanide, was pre- 
pared by Tananaev,28 Kuznetsov,29 and Kawamura3’ 
with the aid of lithium or sodium ferrocyanide and a 
nickel:ion ratio close to 2. Rigamonti23 recommends 
the use of potassium ferrocyanide. 

In general, however, products made in the presence 
of an alkali-metal ion contain various proportions of 
the starting cations. Some examples of the variations 
observed are given in Table 3. Owing to the wide 
range of compositions, most of the proposed stoi- 
chiometric formulae are included in the limits given 
in Table 3: 

K2NiFe(CN)6,23,25 Cs2Ni3[Fe(CN)6]26 and 

A few compositions do not have the general formula, 
such as Na,NiFe(CN), found by Kawamura.30 The 
alkali-metal ion content increases in the order Na < 
K<Rb<Cs. 

The preparation of nickel ferrocyanides by ex- 
change has been studied by only one group.‘2,‘3 
According to these investigators, the exchange does 
not alter the alkali-metal to nickel ratio. 

All the investigators who have studied the crys- 
tallographic structure of nickel ferrocyanides have 
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Na,, Zn,_,Fe (CN), 

@ K,, Zn,_, Fe(CN), 

gj Cs,, Zn,_, FetCN), 

0 

8 1, * 0 0 

0 No,, Ni,_,Fe (CN), 8 
63 

s 
0 0.5 1 X 

K,, No,_, Fe (CN), 0 

0 
T 

0 0.5 1 X 

Rb,, Ni,_,Fe(CN), * Sl tP8 12 
0 0.5 1 X 

Cs,, Ni,_,Fe(CN), 

B0 
12 ,I L 

0 0.5 1 X 

Fig. 1. Composition of ferrocyanides, according to various 
authors. The formula is taken as Mi,MFXFe(CN),, where 
ML is an alkali metal and M” is Zn or Ni. The number refers 
to the literature and is placed at the x value indicated in the 
paper referred to. If x varies, its range is indicated by a 

straight line. 

Table 3. Domain of validity of the 
formula A,Ni,.,Fe(CN), for vari- 

ous alkali-metal ions (A) 

Element X, range x 

Na 0.1-0.8 0.52 
K 0.5-1.1 0.82 
Rb - 0.70 
cs 0.66-1.2 0.84 

found a cubic cell, whatever the composition. The 
unit cell parameter is between 9.9 and 10.2 A. 

Water content 

The water content received little attention in the 
earlier studies and there are discrepancies between 
values reported. 5~‘0~2~-27~29~3M7 No general conclusion 
was reached concerning the occurrence of definite 
hydrates. 

Recently the problem was more accurately studied 
for some zinc ferrocyanides. Siebert et al.‘* showed 
that heating Zn,Fe(CN),.xH,O leads to a compound 
with two molecules of water per formula unit. In the 
M:Zn,[Fe(CN),], series (M’ = Na, K, Cs) the water is 

zeolitic.‘6’6,24*38 The uptake of water may reach a very 
high value (9 molecules per formula unit for M’ = 
Na) in agreement with the microporous character of 
the structure. 

CONCLUSIONS 

Too rapid an approach to the literature on ferro- 
cyanides could lead to a very confused idea of their 

composition. However, after a more systematic and 
synoptic review, certain general features may be 
found. First, the two types of ferrocyanides dealt with 
here appear to be quite different in composition and 
structure. Almost all zinc ferrocyanides seem to 
belong to two families, having definite formulae: 
Zn,Fe(CN),.xH,O and M:Zn,[Fe(CN),],.xH,O. 
The methods leading to each of these two types of 
compound are well defined. In contrast, nickel ferro- 
cyanides seem not to have definite formulae, but 
always belong to the cubic system. 

However, many points cannot be fully understood 
even after this review, and should be the subject of 
futher investigations. It would be interesting to exam- 
ine the conditions for existence of some zinc ferro- 
cyanides departing from the two families mentioned, 
such as Cs,ZnFe(CN), and K,ZnFe(CN),. In the case 
of nickel, the stability domains of the M’:Ni ratio 
should be studied for each alkali metal, as well as the 
nature of the water molecules bound in the com- 
pounds. A more accurate knowledge of the structure 
should be obtained by using single crystals, as already 
done for the MiZn,[Fe(CN),], series. 

A very important point is the preparation of 
products usable as ion-exchangers. The ferrocyanides 
generally obtained have very small particle size and 
cannot be easily used for column work. Some au- 
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thors have made attempts to prepare products more 
suitable for that purpose. 

Better mechanical properties have been obtained 
by mixing the ferrocyanide with silica ge139 or an 
organic binding agent.40 In both cases the capacity for 
caesium is lowered. Another attempt consisted in 
growing nickel ferrocyanide crystals at low tem- 
perature.4’ 

The development of the use of ferrocyanides seems 
to depend on the low-cost manufacture of a product 
suitable for industrial applications. 
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ETHERS POSSESSING A CHROMOGENIC GROUP 
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Summary-The extraction and complexation abilities of chromogenic alkyl crown-ether reagents were 
compared with those of their chromogenic benzo crown ether analogues. Improvements in the extraction 
efficiency and stability of the complexes were observed, and can be attributed to various factors such as 
increased lipophilic character and decreased charge separation. The spectral separation caused by the 
deprotonation of the amine-group was significantly decreased, so the usefulness of these compounds will 
be limited, until improved spectral separation can be achieved. 

Ion-pairing with picrate as counter-ion was the first 
method used for calorimetric determination by 
means of complexation with crown ethers. Later, 
Ueno reported the synthesis and complexation be- 
haviour of a chromogenic crown ether (I) which 
formed an intramolecular ion-pair with alkali-metal 
ions.’ This molecule incorporated a secondary 
amino-group, which conferred acid/base character on 
the chromogenic crown ether. When the extraction 
system was buffered at a sufficiently high pH, the 
protonated ligand (HL) dissociated, resulting in a 
shift in &ax and an increase in the molar absorptivity 

(6). The dissociated crown ether species (L-) com- 
plexed alkali-metal ions in the aqueous phase and the 
complex was extracted into chloroform. Absorbance 
measurements at an appropriate wavelength were 
linear with respect to [K+] from 10 to 700 ppm in the 
presence of 2300 ppm Na+. The selectivity of the 
reagent for K+ in the presence of a large excess of 
Na+ made it ideally suited for K+ determinations in 
blood serum.‘.2 

Alkali-metal ion complexation by crown ethers has 
been shown to be governed largely by the relative fit 
of the alkali-metal ion in the crown ether cavity.3-5 
Experimental evidence has shown that other factors 
need to be considered when developing new crown 
ether molecules to be used for alkali-metal ion deter- 
mination.2 For example, changing the chromogenic 
tag altered the complexation behaviour of these new 
analytical reagents2 The replacement of the p-nitro 
group in compound I with a cyano group shifted A,,,.,, 
of HL to longer wavelengths (390-420 nm) and 
decreased t,,, (1.3 x 104-+ 1.1 x lo4 l.mole-‘.cm-I). 
Ai.,,, [i.e., &,,,,(L-) - &,,,(HL)] was increased from 
55 to 130 nm, and the formation constant for the 
potassium complex (&) was lowered (80.5-r 22.5). 
Interestingly, this evidence showed that the chromo- 
phore structure also had an effect on the strength of 
the metal-ligand complex. 

III 

Scheme 1. 

Our experience with chromogenic crown ether re- 
agents in extraction analysis has led us to conclude 
that to improve the extraction efficiency an increase 
in the lipophilic nature of the compound is needed. 
Hence reagents II and III were prepared from the 
aminomethyl derivatives of 15-crown-5 and 
12-crown-4. 

This paper reports data on the visible spectra, 
extraction constants, dissociation constants, and for- 
mation constants for complexes of compounds II and 
III with alkali-metal ions. 
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EXPERIMENTAL 

The dichloromethene and chloroform used were of spec- 
tral analysis quality. All water was distilled, and demin- 
eralized with Bamstead Nanopure system. All alkali-metal 
salts were purchased from Alfa Chemical Co. and dried at 
1 IO”. Absorption spectra were recorded with a Hewlett- 
Packard 8450-A spectrophotometer. All pH measurements 
were made with a Coming 12 pH-meter. 

The aminomethyl derivatives were synthesized in good 
yield from the hydroxymethyl precursors described in the 
literature.6 The aminomethyl crown ether molecules were 
synthesized from the hydroxymethyl molecules by either of 
two pathways: (1) the use of thionyl chloride and subsequent 
reaction of the product with the potassium salt of phthali- 
mide; (2) generation of a phosphonium salt intermediate by 
the addition of an equivalent each of triphenylphosphine, 
diethylazodicarboxylate, and phthalimide to an equivalent 
of the hydroxymethyl compound. Both methods yielded the 
phthalimidomethyl compounds which was then reacted with 
hydrazine hydrate. Details of the synthesis have been given 
elsewhere.’ 

General method for the preparation of chromogenic lariat 
ethers 

Approximately 2 mmoles of the appropriate aminomethyl 
crown ether hydrochloride were placed in 25 ml of tetra- 
hydrofuran (THF) containing one equivalent of sodium 
hydroxide and the mixture was stirred at room temperature 
for 1 hr. An equivalent of chromophore [4-chloro-3,5- 
dinitrobenzotrifluoride (Aldrich) or l-chloro-2,4,6-u% 
nitrobenzene (Fairfield)] was then added along with an 

additional equivalent of base. The stirring was continued for 
1 hr. The solution was filtered and the THF removed in a 
rotary evaporator. Water (25 ml) was then added to the 
residue and the mixture was extracted with three 30-m] 
portions of chloroform. The extracts were dried over anhy- 
drous magnesium sulphate and filtered, and the chloroform 
was removed in a rotary evaporator. The products were 
obtained as yellow powders in 60% yield following re- 
crystallization from ethanol. 2,4,6-Trinitrophenylamino- 
methyl-15-crown-5 hydrochloride (II), m.p. 187-188”, 
C,,HrJN,O,,CI requires 41.09% C, 5.07% H, 11.27% N; 
found 41.8% C, 5.5% H, 11.3% N. 2,4-Dinitro-6-trifluoro- 
methylphenylaminomethyl- 12-crown-4 (III), m.p. 8688”; 
C,,H,F,N,O, requires 43.74% C, 4.58% H, 12.97% F, 
9.56% N; found 43.8% C, 4.6% H, 13.0% F, 9.4% N. 

Visible region spectra 

Spectra for II and III were obtained for solutions in 20% 

acetonitrile/80% water mixture. Two spectra were recorded, 
one at pH 2 and the other at a pH at which the amine proton 
was dissociated. 

Determination of extraction constants 

A 5-ml portion of O.IM alkali-metal ion solution was 
extracted with 5 ml of 1M triethylamine solution in chloro- 
form, which contained a known concentration of crown 
ether. The organic and aqueous layers were analysed spec- 
trophotometrically. 

Determination of K,, K,,, KMIHL 

The crown ether reagent was dissolved in a 40% 
acetonitrile/60’A water mixture to give a final concentration 
of approximately 2.5 x IO-“M. A IO-ml portion was diluted 
to 25 ml with demineralized water. K, was determined 
experimentally with the diluted solution containing a con- 
stant concentration of an alkali-metal ion which does not 
readily complex with the crown ether. KZPP, KML, and KMHL 
were determined experimentally by varying the concen- 
tration of the alkali-metal salt (0.1, 0.08, 0.06M) in the 
solution. The absorbance was measured at the wavelength 
of maximum apparent molar absorptivity, at varying [Hi], 
with hydrochloric acid and a weakly or non-complexing 
alkali-metal hydroxide to adjust the pH.* 

RESULTS AND DISCUSSION 

Visible region spectra 

The spectral data for reagents II and III are given 
in Table 1. The Ai,,, resulting from dissociation of 
the monobasic amine proton was relatively small (2 
and 12 nm), because an extended conjugated system 
was not created by the deprotonation. The changes in 
molar absorptivity ((At) at &,,,, for II and III were 
1.52 x IO3 and 4.96 x lo3 I.mole-‘.cm-‘, and the 
largest At for reagent III was found to be at 377 nm 
(AC = 6.47 x 10’ l.mole-‘.cm-‘). The visible-region 
spectra for both reagents indicate that their use- 
fulness as alkali-metal ion sensors would be limited, 
since there was extensive spectral overlap of the (HL) 
and (L-) species. This was confirmed when reagent 
III was tested for determination of potassium. Al- 
though the AC was adequate for extraction analyses,’ 

Table 1. Wavelengths of maximum absorption and molar absorptivities of the test 
compounds 

HL L- 

AD,,, 6 I max, G 

Comoound nm lo4 I.mole-‘.cm-’ nm lo4 I.mole-‘.cm-’ 

I 390 1.30 445 2.00 
II 355 1.24 357 1.40 
III 350 1.43 362 1.93 

Table 2. Extraction constants for alkali-metal ions @K,,,)* 

Compound Solvent Li+ Na+ Kf Rb+ Cs’ 

It CHCI, 10.00 7.55 8.50 10.40 
II CHCI, 7.10 + 0.08 7.41 k 0.09 6.10 f. 0.08 8.00 f 0.10 7.30 & 0.05 

CH,CI, 6.80 f 0.06 6.50 f 0.06 6.40 f 0.05 6.40 + 0.05 
11~ CHCl, 7.40 + 0.08 6.19 k 0.08 5.86 * 0.05 6.50 f 0.05 7.64 + 0.07 

* 1 .OM triethylamine buffer system. 
tFrom Takagi et al. 
SCalculated for 1:2 metal-ligand complex, except for Li+. 
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Table 3. A comparison of benzo and alkyl crown ether acid dissociation constants and 
formation constants 

Compounds I2 II III 

P& 10.5 11.6+0.05 11.4kO.05 
PK: 9.5 10.3-11.1* 9%10.9* 
log Got 1.91 2.28 f 0.02 2.93 k 0.08 
log Kmt 0.98 1.12 f 0.01 1.33 $- 0.01 

*pK: varied according to which metal was complexed. 
tFor the K+ complex. 

2”,4”-Dinitro- 
6”-trifluoromethyphenyl 

4’-aminobcnzo- 
15crown-5 

10.2 f 0.05 
9.5 

2.11 kO.02 
1.41 f 0.01 

the very small A&,,,, on deprotonation reduced the 
analytical usefulness of the larger AE. 

Extraction 

The selectivity of chromogenic crown ethers for 
alkali-metal ions can be described in terms of their 
extraction constants. The appropriate plot gave a 
straight line with slope equal to the extraction con- 
stant, K,,,.’ 

Table 2 lists the pK,,, values. The alkyl chromo- 
genic crown ethers exhibited better overall extraction 
of alkali-metal ions. This could be partly due to the 
absence of the benzene ring giving the molecule a 
more lipophobic nature and better solubility in water. 
Also, the charge separation between the intra- 

molecular ion-pair was smaller than in the case of 
reagent I. A tight ion-pair or chelate-type interaction 
between the anion and metal ion would improve 
extraction. Although the improvement in extraction 
efficiency was beneficial, there was also reduced se- 
lectivity. An additional change was that the alkyl 
reagents extracted lithium. It is interesting that the 
15-crown-5 molecule (II) extracted lithium better 
than the 12-crown-4 reagent did. The hydrated lith- 
ium ion is larger than the unhydrated ion and there- 
fore requires a larger cavity. The data in Table 2 also 
indicate that solvent interaction plays an important 
role in the ability of crown ethers to extract alkali- 
metal ions into an organic phase. Comparison of the 
extraction constants for reagent II revealed that 
dichloromethane improved the extraction efficiency 
in most cases, although the gain in efficiency was 
offset by a significant loss in selectivity. 

The selectivity sequence with I was found to be 
K+ > Rb+ >Na+ - Cs+. The selectivity (Table II) 
for the alkyl analogue under the same experimental 
conditions was K+ > Li+ > Cs+ > Na+ > Rb+. In 
each case K+ was the alkali-metal ion extracted most 
efficiently. The reported data for I indicate that the 
preferred stoichiometry is the 1: 2 metal-ligand com- 
plex.’ The selectivity data for reagent II showed that 
factors other than cation/cavity diameters need to be 
considered in order to explain the experimental re- 
sults. If cation/cavity diameters were solely re- 
sponsible for complexation then the extraction select- 
ivity would be K+ > Li; > Rb+ > Na+ - Cs+. 

Although the degress of extraction of Nat and Cs+ 
were similar, Rb+ was extracted less efficiently than 
either. 

The predicted selectivity of the 12-crown-4 ana- 
logues, based solely on cation/cavity diameters, is 
Nat > K+ > Li.& > Rb + > Cs+. The experimentally 
determined extraction selectivity of III was 
K+ > Nat > Rb+ > Li,+, > Cs+. This experimental 
evidence, along with the 15-crown-5 data, indicated 
that the nature of the ligand (aryl vs. alkyl, side- 
chains, etc.) was also a factor, though to a lesser 
degree, in the selectivity of crown ethers towards 
alkali-metal ions. 

Complexation in aqueous medium 

K,, K:, KML and KMHL values for II and III were 
experimentally determined, by use of equations pre- 
viously reported.2 

The pK, values for reagents I-III and 2”,4”- 
dinitro-6”-trifluoromethylphenyl-4’-aminobenzo-l5- 
crown-5 are given in Table 3. The pK, value for 

II was determined with rubidium hydroxide used to 
adjust the pH; for III lithium hydroxide was used. 
Dilute hydrochloric acid was used to lower the pH in 
both cases. These hydroxides were chosen because the 
extraction data in Table 1 indicated that these metal 
cations interacted the least with the respective re- 
agents. The experimentally determined pK, values 
were 11.6 for II and 11.4 for III, 1.0 pK, unit higher 
than those for the benzo type crown ethers were in 
both cases. These experimentally determined data 
agreed with the theoretical prediction that the pres- 

Table 4. Formation constants for complexes of reagents II 
and III 

Reagent Li+ Na+ K+ Rb’ 

log 4.~ II 2.28 2.05 2.28 
log KM. II 1.09 1.47 1.12 
PK; II 10.3 11.01 10.4 
log KM III 1.66 2.93 1.64 

log J&n. III 1.17 1.33 1.01 

PKI III 10.9 9.8 10.8 
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ence of a benzene ring adjacent to an amino group 
should decrease the pK, of the dissociable proton.’ 

Table 3 also shows the effect of presence of the 
benzene ring on alkali-metal complexation. With 
potassium reagent I had a formation constant of 
10’.9’. The reagent without the benzene ring gave a 
formation constant of 102.28, in agreement with the 
literature” in showing that the introduction of a 
benzo-group in the crown ether ring decreased the 
stability of the metal complex. 

The complexation data for aqueous medium were 
in good agreement with the extraction data presented 
in Table 2. The extraction efficiencies with reagent II 
were K+ > Li+ > Na+. The order of strengths of the 
crown ether-alkali-metal ion complexes, from the 
formation constants, was K+ N Li+ > Na+. Simi- 
larly, with reagent III the extractability order was 
K+ > Na+ > Rb+, and the formation constants fol- 
lowed the same trend. The KML values were larger 
than the KMHL values, indicating that the overall 
negative charge of the molecule was influencing the 
formation of the metal complex. The selectivity of 
complexation also agreed with the literature in that 
the interaction was not strictly a charge-interaction8 

The absence of the benzene ring also had an effect 
on the pK: values of the molecule. When the benzene 
ring was present, as in the case of I, the complexation 
of various alkali-metal ions in the crown-ether cavity 
had little effect on the pKi value. The benzene ring 
acted as an insulator which protected the monobasic 
amine proton from the electron-withdrawing effects 
of the complexed cation. Removing the righ pro- 
duced pK: values which depended on the cation and 
the strength of the complex. Table 3 indicates that as 
the formation constants (KML) increase, the pKL 
values decrease. 

CONCLUSION 

Complexation with crown ethers is a selective and 
sensitive method for determining alkali metals. The 

usefulness of these reagents is determined largely by 
the spectral characteristics of the molecule. Future 

attempts to use crown ether chromogenic reagents 
must deal with the problem of the large spectral 
overlap for reagent and complex or suffer from 
exceptionally high blank values. 

The extraction and complexation data are better 

for the alkyl reagents than for their benzo analogues. 
The improvement can be attributed to numerous 
factors. As expected, the chromogenic activity does 
not appear to be useful in current methods of deter- 
mination of alkali metals, but the knowledge gained 
has encouraged us to investigate alkyl crown ethers 
which incorporate fluorogenic tags. 
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Summary-An analytical procedure has been developed for the determination of major elements in 
geological material by both flame atomic-absorption spectrometry and inductively-coupled plasma 
atomic-emission spectrometry. Condensed phosphoric acid was used for the decomposition of 70 natural 
minerals containing sulphide, oxide, silicate or carbonate constituents. The results were compared with 
those obtained when a perchloric acid and orthophosphoric acid mixture was used for the decomposition, 
to ensure dissolution of even the most acid-resistant minerals. The procedure can be applied to rocks, ores, 
soils, slags and refractory material as a means of rapid and complete dissolution for the analysis of even 
the most insoluble material. 

Atomic-absorption spectrometry (AAS) is now 
widely used to analyse a wide range of geological 
material for major and trace elements.‘-5 Recent years 
have seen an impressive increase in the application of 
inductively-coupled plasma atomic-emission spec- 
troscopy (ICP-AES) for the determination of major, 
minor and trace elements in geological material.6,7 
One of the advantages of ICP-AES is its speed, which 
is due to simultaneous measurement of several ele- 
ments. When automated AAS*-” and ICP-AES are 
used, the slowest step in the analysis is dissolution of 
the sample. 

The usual procedure for dissolution of geological 
material’ involves evaporation to dryness with a 
mixture of hydrofluoric, nitric and perchloric acids, 
followed by two evaporations with perchloric acid 
and dissolution of the resulting residue in dilute 
hydrochloric or nitric acid; this procedure, however, 
is both time-consuming, as it requires at least 20 hr of 
continuous heating, and incomplete, as certain miner- 
als such as chromite and ilmenite are very resistant to 
such acid mixtures. 

More rapid dissolution techniques using reagents 
such as nitric acid,12 nitric acid-hydrogen peroxide,” 
hydrochloric acid-nitric acid’3J4 or ammonium 
acetate’s,‘6 to leach soluble material generally produce 
low results on account of incomplete attack on 
silicate material, and possibly high results (when AAS 
is used) due to light scattering by suspended particles 
in the solution. 

Many analysts have found it necessary to resort to 
fusion techniques for the complete dissolution of 
geological material and the determination of silica 

*Visiting Research Fellow from Baiyin Research Institute 
of Mining and Metallurgy, Lanzhou, China. 

(which is lost by volatilization with hydrofluoric acid, 
when this is used in acid dissolution techniques). 

Fusion with alkaline mixtures such as sodium 
hydroxide/sodium peroxide,” however, produces a 
high salt concentration, with consequent light- 
scattering,” which is a considerable disadvantage 
with AAS. It has also been reported that the plasma 
torch is easily fouled when solutions with high salt 
concentrations are used.19 The use of these mixtures 
also presents difficulties because of the formation of 
colloidal silicic acid when the solutions are acidified. 
Fusion with sodium carbonate results in similar 
problems with the precipitation of silicic acid, and 
completeness of decomposition of certain refractory 
oxides has been questioned.20 

Heating with hydrofluoric acid under pressure 
gives rapid dissolution of silicate material,22-24 but the 
excess of hydrofluoric acid must be complexed with 
boric acid, again resulting in high light-scattering, 
owing to the aspiration of highly concentrated salt 
solutions. Also, the technique has been observed to 
give incomplete decomposition of minerals such as 
tourmaline and of some titanium and aluminium 
compounds, which limits its use for geological 
samples.25 

To reduce the errors associated with determination 
of the major components of geological material, 
alternative dissolution techniques have been 
investigated. 

Use of condensed phosphoric acid 

On heating, orthophosphoric acid undergoes a 
succession of condensation reactions, giving pyro- 
phosphoric acid (H4P207), tetrapolyphosphoric acid 
(H6P4013) and metaphosphoric acid (H4P,0,2). It is 
convenient to call the product “condensed” phos- 
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phoric acid (the Japanese workers26,27 who first devel- 
oped its use called it “strong phosphoric acid”). 

Because of the complexing ability and the strength 
of the condensed phosphoric acid, and its ability to 
form a stable soluble silica compound SiP207,28 heat- 
ing with this acid should dissolve a large number of 
geologically interesting materials. 

In the 1930s phosphoric acid was used to dissolve 
chrome29 and iron ores. 3o Also at this time concen- 
trated phosphoric acid was used to dissolve many 
silicates such as kaoline, mica and feldspar from clay 
minerals.3’ Perchloric and phosphoric acid mixtures 
have been studied for the dissolution of iron ores.32 
A mixture consisting of equal volumes of these two 
acids was found to be superior to hydrochloric acid 
when iron was determined by titration after reduc- 
tion. 

So far, condensed phosphoric acid has found lim- 
ited use in the analysis of chrome ores33 and some 
of the more difficultly soluble refractory oxides.34 
The potential of this acid used alone or combined 
with other acids as a means of dissolution for rapid 
major and trace multi-element analysis in geological 
material has been underestimated by many workers. 

Condensed phosphoric acid was fully investigated 
in these laboratories for the solution and subsequent 
determination of major element components for 
oxide, silicate, sulphide and carbonate materials of a 
geological nature. 

Reagents 

EXPERIMENTAL 

The reagents used were of analytical reagent grade and all 
water used was distilled and demineralized (DDW). 

Standard solutions 

Appropriate metals or stoichiometric salts were dissolved 
to prepare stock lOOO-ppm standard solutions. The working 
standards for AAS contained 10% v/v orthophosphoric 
acid, and those for ICP-AES calibration and analysis 
contained 5% v/v orthophosphoric acid. 

Instrumentation 

The ICP-AES system is described in Table 1. The work- 
ing conditions are listed in Table 2. A Techtron Model AA-3 
with Varian Techtron lm-6D indicator module was used for 
all AAS determinations. 

Dissolution of minerals with condensed phosphoric acid 

It should be noted that phosphoric acid, especially in the 
presence of perchloric acid, may slightly attack platinum 
crucibles at elevated temperatures. This will only become of 
consequence if heating is prolonged. 

Natural minerals of oxide, silicate, sulphide and carbon- For samples containing high levels of organic carbon, 

ate type (150-mg samples) were treated with 10 ml of care is needed to avoid possible explosive reactions in the 

orthophosphoric acid in a platinum crucible at a tem- presence of perchloric acid. When analysing such samples it 
perature of 290” on a hot-plate, with swirling at regular is always advisable to pretreat the samples with concen- 

intervals. trated nitric acid. 
The reaction mixtures were inspected at 15-min intervals 

to check completeness of dissolution. For rapid dissolution, 
in most cases it was found necessary to grind the sample in 
a mortar and pestle to 300 mesh grain-size. Finely ground 
silicate, oxide and carbonate minerals were rapidly dis- 
solved, but attack on sulphides was slow, and in some cases 
(Cu,FeS,, CuFeS,, MO&, Fe&) dissolution was still incom- 
plete after continuous heating for 3 hr, reflecting the poor 
oxidizing power of phosphoric acid. The combined use of 

Table 2. ICP-AES working parameters 

Incident power: 
Flush time: 
Integration time: 

1600 W 
30 set 
10 set 

Integration cycle: 3 
Observation height: division 2 (I4 mm above the coil) 

Table I. ICP-AES instrumentation 

RF generator: air-cooled, 3-kW rating, 27.12 MHz 
Spectrometer: ARL 34000, grating ruled 1080 lines/mm; 

primary slit-width 20 nm 
Nebulizer: glass pneumatic concentric nebulizer 

designed by ARL 
Torch: quartz, 18 mm outer diameter, two-turn 

coil surrounding the torch 

0.5 ml of 70% perchloric acid with 10 ml of 85% phosphoric 
acid, however, provided a strongly oxidizing solution capa- 
ble of dissolving the most resistant sulphide material in 45 
min. 

Table 3 illustrates the usefulness of phosphoric acid, 
especially in combination with perchloric acid, for rapid 
dissolution of natural minerals, including the more acid- 
resistant minerals such as ilmenite, chromite and tour- 
maline. 

Dissolution of standard rocks, ores, slags and refractory 
materials 

Each of a series of 5 NIM standard rocks and 5 BCS 
standard materials was treated with IO ml of 85% phos- 
phoric acid as described above. The solutions obtained were 
cooled, and then diluted to 100 ml (for AAS) or 200 ml (for 
ICP) with DDW. The major elements (Al, Ca, Fe, Si, Mg, 
Na, Ti) were determined by both ICP-AES and flame AAS, 
calibration being done with standards prepared in a similar 
manner. The experiment was repeated with the 
perchloric-phosphoric acid mixture (see above) for further 
comparison of ihe two acid treatments. 

The completeness of dissolution was established by com- 
paring the experimental values with the certified values for 
the standard material. 

All materials tested were completely dissolved in less than 
1 hr, without precipitation on cooling or dilution. However, 
for higher Ti concentrations in the prepared standards a 
precipitate appeared on standing, probably Ti(OH)PO,, 
which can be eliminated by the addition of 0.5 ml of 30% 
w/w hydrogen peroxide before dilution. 

Tables 4 and 5 show the completeness of attack for all 
material tested. 

Precision 

An internal department rock standard, DCB-1 (basalt). 
was used for checking the reproducibility of the method. 
Table 6 shows the results. The coefficients of variation 
ranged from 0.5% (Mn) to 3.6% (K). 

Note 
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Table 4. Maior components (“/,) in NIM standard rocks 

NIM-S NIM-D NIM-P NIM-N NIM-L 

Component 

CaO 

MgQ 

MnO 

SiOz 

TiO, 

Na,O 

KG 

Measured Quoted 
value* 

17.11 0.46t 4.33t 
17.33 0.46 4.38 

17.4 
17.63 

0.78 
0.83 
0.67 
1.50 
1.29 
1.40 
0.22 
0.22 
0.39 
0.017 
0.01 
0.01 

62.1 
61.5 
61.7 

0.06 
0.07 
0.06 
0.553 

14.96f 

0.70 0.3 1 

1.40 16.97 

0.48 43.30 

0.01 

0.415 
0.15.t 
0.65 
0.36 
0.23 

16.63 
16.30 
16.13 
41.5 
43.3 
42.66 

0.19 
0.21 
0.22 

38.8 
38.5 
38.7 

0.05 
0.07 
0.02 
0.02 
0.04 

0.20 

63.67 38.86 

0.05 

0.43 
15.34 

0.04 

0.10 
0.04 

4.325 
3.94$ 
2.85 
2.72 
2.47 

12.17 
12.2 
12.28 
25.12 
25.3 
24.06 

0.17 
0.20 
0.21 

50.1 
50.6 
47.5 

0.24 
0.23 
0.30 
0.32 
0.14 

Measured Quoted Measured 
value value* value 

Quoted Measured Quoted Measured Quoted 
value value value value value 

2.68 

12.29 

25.19 

0.21 

50.88 

0.20 

0.37 
0.10 

16.6t 13.6t 
16.64 13.93 

16.75 13.7s 
16.5$ 13.6: 
11.9 3.80 
12.9 11.55 4.05 3.03 
11.39 3.10 
9.08 9.64 
8.94 9.00 9.79 9.77 
8.76 9.81 
7.54 0.25 
7.71 7.43 0.28 0.36 
7.10 0.23 
0.14 0.46 
0.16 0.17 0.52 0.71 
0.19 0.78 

51.0 52.7 
51.2 52.52 51.4 52.52 
52.3 51.4 

0.22 0.51 
0.23 0.19 0.55 0.51 
0.23 0.76 
2.54 2.44 8.59 8.27 
0.26 0.26 5.33 5.54 

*Flanagan35. 
tH,PO, dissolution. 
§H,PO,-HCIO, dissolution. 
IMeasured by ICP-AES. 

Table 5. Maior components (%) in BCS standard materials 

Component 

BCS No. 370 BCS No. 309 BCS 174/l BCS 17512 BCS 381 
Magnesite/chrome Sillimanite Basic slag Nimba iron Basic slag 

Measured Quoted Measured Quoted Measured Quoted Measured Quoted Measured Quoted 
value value value value value value value value value value 

403 12.2 
12.3* 

CaO 1.85 
1.44 

Fe@, 7.25 
7.47 

MgQ 60.9 
63.6 

MnO 0.10 
0.12 

SiO, 3.40 
3.09 

TiO, 0.13 
Na,O 0.20 
K,Q 

*Measured by ICP-AES 

12.2 60.0 61.1 1.78 1.72 1.16 1.08 0.67; 0.67 
59.9* 1.52* 0.84* 

1.54 0.38 0.34 45.0 44.8 0.13 0.08 48.8 49.0 
0.23 45.6 

7.24 1.52 1.51 12.17 12.10 92.1 94.50 18.31 19.02 
1.41 

61.8 0.12 0.17 7.20 7.13 0.03 0.03 0.90 1.03 
0.14 7:37 0.03 

0.11 0.025 0.03 5.12 5.11 0.12 0.14 3.24 3.16 
0.05 5.07 0.16 

3.01 35.1 34.1 14.6 14.69 2.44 2.58 7.91 8.78 

0.12 2.44 1.92 0.84 0.70 0.08 0.09 0.49 0.35 
0.06 0.45 0.34 
0.03 0.42 0.46 

Table 6. Statistical evaluation for H,PO, dissolution (II variates) 

Na,O K,O MgO CaO Fe& A&D, SiO, TiO, MnO 

Mean, % 3.23 1.14 7.20 9.01 10.44 14.76 49.18 2.01 0.14 
Standard deviation, % 0.06 0.014 0.16 0.21 0.24 0.13 0.97 0.014 0.006 
RSD, % 1.8 1.2 2.2 2.3 2.3 0.87 2.0 2.1 0.5 
Quoted value* 3 “/ 0 3.05 1.01 7.43 9.01 10.67 14.69 51.65 1.81 0.15 

*Mean of 50 XRF determinations 
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(23 July 1984) 
Studies on the extraction of the mercury(IIkphenanthroline+Rose Bengal ternary system-se lective seperatlon of mercury(I1) 
from various bivalent metal ions: Y. ANJANEYULU, P. CHANDRAMOULI, K. CHANDRA SEKHAR and M. RAVI PRAKASA REDDY. 
(23 July 1984) 
Fluorimetric determination of tautomeric equilibria in &aminoquinolines: PEDRO J. ZAVALA, MARC D. RADCLIFFE and STEPHEN 
G. SCHULMAN. (28 June 1984) 
The application of tetrazollum salts in analytical chemistry: ALEXANDER V. ALEXANDROV. (24 July 1984) 
New metal ion buffer for standardization of copper ion-selective electrode: H. A. AZAB, R. M. HA.~.~AN and S. A. IBRAHIM. 
(24 July 1984) 
Application of pyrolysischemical ionization mass spectrometry to lichenology: JOSEPH B. ADDISON. (24 July 1984) 
Express automatic potentiometric method for analytical control in the manufacture of extraction phosphoric acid: GEORGI 
VELINOV. (25 July 1984) 
Spectrophotometric determination of oxyphenbutazone by a chelate-forming reaction: SAIED BELAL, AFAF A. ELKHEIR and 
ABDULLA M. ELSHANWANI. (25 July 1984) 
Spectrophotometrlc determination of silicon in silicates by flow-injection analysis: ROKURO KURODA, IWAO IDA and HIDEKI 
KIMURA. (25 July 1984) 
Application of dlcarhollylcoboltate(II1) anion in the water-nitrobenzene extraction system: EMANUEL MAKRLiK and PETR 
VA~~URA. (25 July 1984) 
Application of organic solvent-soluble membrane filters to the precoocentration and determination of trace elements: 
Spectrophotometrk determination of phosphorus os phosphomolyhdenum blue: SHIGERU TAGUCHI, EIYUKI ITO-OKA, KEIKO 
MASUYAMA, ISSEI KASAHARA and KAT~UMI GOTO. (25 July 1984) 
Jkconvolution techniques for rapid flow-injection analysis: JAMB T. DYKE and QUINTUS FERNANDO. (28 May 1984) 
The Ruorometric determination of biacetyl: A promising method for the determination of biacetyl in food&u&: A. J. MAROULIS, 
A. N. VOULGAROWULOS and C. P. HADJIANTONIOU-MAROULIS. (1 August 1984) 
A software package for computer-controlled flow-injection analysis: L. T. M. PROP, P. C. THIJ~~EN and L. G. G. VAN DONGEN. 
(1 August 1984) 
Fluorometric determination of the complexation of amino crown ethers with alkali-metal ions: G. E. PACEY and B. P. BUBNIS. 
(1 August 1984) 
Phosphate determination using molybdoantimonylphosphoric acid on polyurethane foam: A. S. KHAN and A. CHOW. (1 August 
1984) 
The role of tbiourea as additive for medium modification problems in potentiometric stripping analysis (P.S.A.): C. LABAR and 
L. LAMBERTS. (2 August 1984) 
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LOUIS GORDON MEMORIAL AWARD 

Presentation of the Louis Gordon Memorial Award for 1982 to Mr. N. A. Dimmock (right) 
and Dr. D. Midgley (centre) by Dr. R. A. Chalmers. (See Tulunta 1982, 29, 557.) 

I 
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Solid membrane electrode for the determination of La(III) in presence of other rare-earth cations: P. S. THIND and S. 
K. MITTAL. (9 May 1984) 
Ionic-strength dependence of formation constants--V: Protonation constants of some cationic acids at different temperatures 
and ionic strengths: PIER G. DANIELE, CARMEU) RIGANO and SILVIO SAMMARTANO. (9 May 1984) 
The effect of EDTA/NaP solutions on tbe Cu(II) ion electrode: H. F. STEGER. (9 May 1984) 
Determination of fluorine in mineral samples through decomposition with alkali-metal hydroxides and spectrophotometric 
analysis: J. V. GIMENO ADELANTADO, V. pERr.s MARTINEZ, A. CHECA MORENO and F. BUSCH REIG. (9 May 1984) 
Amperometrlc titration of cadmium, copper, lead, mercury and zinc with diethyldithiocarbamate at zero applied voltage with 
a rotated platinum-wire micro electrode: MAH~~OUD GHANDOUR. (10 May 1984) 
Pollution proille of Damodar River sediment in Raniganj-Durgapur Industrial Belt, West Bengal, India: ANIL K. DE, ASIT 
K. SEN, MD. REAZUL KARIM, K. J. IROOLIC, DIPANKAR CHAKRABORTY and R. A. STOCKTON. (14 May 1984) 
Etude de la puretC des 6chantillouv commerciaux d%osine: D. FOMPEYDIE and P. LEVILLAIN. (15 May 1984) 
Etude de la capacitu complexante des eaux de I’estuaire et de la Baie de Seine: JEAN-CLAUDE FISCHER, REti NGANOU 
and MICHEL WARTEL. (15 May 1984) 
Analysis of some phenolic copolymer mixtures by electrometric titration techniques: S. K. CHATTERJEE and ANITA KATYAL. 
(15 May 1984) 
Determination of iron and cyanides in cyanoferrate complexes: NICOLETTA BURGER. (16 May 1984) 
Derivatives of imldazole aq spectrophotometric analytical reagents: C. F. PEREIRA and J. GASCH. (16 May 1984) 
Fluorlmehic determination of pg of boron: J. M. MIR and M. C. MARTINEZ. (16 May 1984) 
Thionalide as titrant for several metals: J. 0. N. l&s, A. M. M. AMORIM and A. C. SP~NOLA COSTA. (17 May 1984) 
Comment on “Laser-excited fluorescence line-narrowing: An analytical study”: J. D. WINEFORDNER. (2 March 1984) 
The determination of simple and complex iodides with ferric chloride: an alternative to Andrews titration; M. CARTWRIGHT 
and A. A. WOOLF. (18 May 1984) 
Extraction of cadmium with poly(acrylonitrlle) and acrylonitrile+barcoaI composite: M. A. DIAB, M. A. KABIL, A. M. 
ABDALLAH and Y. A. AGGOUR. (18 May 1984) 
Highly sensitive and selective microdetection of iron(II1) with desferrioxamine B by the “resin spot test” technique: 
SVJETLANA LUTEROTTI and VLADIMIR GRDINIC. (21 May 1984) 
Chemical destruction of carcinogenic aromatic amlnes in laboratory wastes, monitored by HPLC with electrochemical 
detection: J121 BAREK, V&A PACAKOV.& KAREL STUL~K and JIM ZIMA. (21 May 1984) 
Effects of microscopic surface roughening on the voltammetrlc response of gold electrodes: KENNETH W. PRATT. (21 May 
1984) 
Thin-layer technique in spark-source mass spectrometry: I. R. SHELPAKOVA, A. 1. SAPRYKIN, T. A. CHANYSHEVA and 
I. G. YUDELEVICH. (22 May 1984) 
Highly sensitive micellar solubilization spectrophotometric method for determination of mlcroamounts of titanium(IV) with 
the system Ti-phenylfluorone_Triton X-305-emulsiger op: QIANFENG Wu. (23 May 1984) 
Bidentate pyrimidine-2-tbiols as spectrophotometric reagents for palladium and osmium. Determination in alloys, minerals 
and catalysts: &AI K. SINGH, BANI ROY and R. P. SINGH. (24 May 1984) 
Organic ion-exchange beads as indicators in acid-base titration: M. F. EL-HAD] and M. S. METWALLY. (24 May 1984) 
Spectrophotometric determination of triacetyloleandomycin and some tetracyclines with 2,3,5_triphenyltetrazolium chloride: 
EL-SEBAI IBRAHIM, M. ABDEL SALAM, Y. BELTAGY and M. KHOLIEF. (24 May 1984) 
Precise and accurate determination of high concentrations of sulphur by isotope-dilution thermal-ionization mass 
spectrometry: W. R. KELLY and P. J. PAULSEN. (24 May 1984) 
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Investigations for trace anaiysis of AmB” semiconductor mi crosampies by atomic spectroscopy-VII: Investigations for trace 
and thln-iayer anaiysis of doping elements (Ag, Au, Bi, Cd, Sn, Ti) in InAs by atomic absorption with electrothermal 
evaporation: K. DITIRICH, W. Mom, I. G. JUDELEWITSCH and T. S. PAPINA. (9 April 1984) 

The effect of organic coiioids on the ASV signais of Cd, Pb and Cu: T. UGAPO and W. F. PICKERING. (10 April 1984) 

Determination of the rare enrths, yttrhun and scandium in silicate rocks and four new geological reference materiais by 
electrothermai atomization from graphite and tantaimn surfaces: J. G. SEN GIJPTA. (11 April 1984) 

Studies on the eleetroanalytieal ebemlstry of rare-earth elemen&+XVIR Poiarographic study on Sm(IH)-tetracyciine complex: 
XIANZHEN YE and XIAO~IA GAO. (11 April 1984) 

Studies on the electroanalyticel chemistry of rare-earth elementt+XVIII: Polarographic study on Eu(IH)-tetracyciine 
complex: ZIWEI JIANG and XIAOX~A GAO. (11 April 1984) 

Pharmaceutical and ciinicai analysis by tandem mass spectrometry: RICHARLI A. YOST, ROBERT J. PERCHALSKI, HARRY 0. 
BROTHERT~N, JODIE V. JOHNSON and MARY BETH BIJDD. (11 April 1984) 

Compiexometric determination of citric acid by use of a speci& eopper(If) indicator: E. SZEKELY. (13 April 1984) 

Formation of ternary complexes of Pb(II) with Pyrocatechol Violet and cetyhrhuethyhunmotdnm bromide: Josh VALERO. (13 
April 1984) 

Caicuiation scheme for acid-base titration: YOSHITSUGU HASEGAWA and NAOYA NAKAGAWA. (13 April 1984) 

N-Chiorophthaiimide as a new oxhihuetric titrant for potentiometric determination in aqueous acetic acid mediom: N. JAYAS- 
and P. INDRASENAN. (16 April 1984) 

Ciassiiication of experimental methods in solution chemistry: PATRICK MACCARTHY. (14 November 1983) 

The soh~bility of aikaii metai guorides in non-aqueous solvents with and without crown ethers, as determined by flame emission 
spectrometry: DAVID A. WYNN, MARIE M. ROTH and BRUCE D. POLLARD. (17 April 1984) 

Studies on semicrystaihue tin(IV) selenophosphate-IR Separation and determination of chromhun, nickel and iron in super 
aiioys: SYED ASHFAQ NABI and ZIA MAHM~~D SIDDIQI. (18 April 1984) 

Spectrophotometric determination of paiiadium with 4,4’-bis(diethylamino)thiobensophenone and Triton X-100: YUN-XIANG 
CI, WEN-BAO CHANG and FENGJI YAO. (19 April 1984) 

A simple titrimetric method for determbration of aidehydea and ketones: EMTITHAL EL-SAWI and NADIA KANDILE. (24 April 
1984) 

Optimixation of parameters in the determination of iron and vanadimn in petroleum fractions by atomic-absorption 
spectrophotometry with a graphite furnace: M. C. GONZALEZ, A. R. RODRIGUEZ and V. GONZALEZ. (24 April 1984) 

AC Poiarographic assay of peniciiiin V benaathiw: J. A. SQUELLA, M. M. SILVA and LUIS J. NIJNEZ-VERGARA. (4 April 1984) 

Preparation and anaiytical characterization of 1-(2-pyridylazo)-2-nnphthol-cuPted chelating resin: J. CHWASTOWSKA and E. 
MOZER. (25 April 1984) 

Electrochemicai studies on the oxidation of oxohydroxotetracyano-molybdate(IV) and -tungstate(IV) with Ce(IV), Cr(VI) and 
Mn(VII): S. I. ALI and SEEMA SHARMA. (26 April 1984) 

A novel and sensitive spot-teat for mdhtitroaromatics and their derivatives with sodium suiphite and dhnethyisuiphoxide: 
SAEEDUZZAFAR Q-HI, PUSHKIN M. QIJRESHI and SEEMA HAQUE. (27 April 1984) 

Fhorimetric determination of suiphate ion by ternary complex formation with xirconhun and diacetyimonoxime nico- 
tinyihydraxone: S. RUBIO, A. G~MEZ-HENS and M. VALCARCEL. (30 April 1984) 

Arsenic spedation in soil pore waters from mineraiixed and unmhteraiiaed areas of South West England: STEPHEN J. HASWELL, 
PETER G’NEILL and KEITH C. C. BANCRO~. (1 May 1984) 

Anaiytical interferences and drug effects on laboratory test results: M. M. GALTEAU and G. SIEST. (2 May 1984) 

New chelate-forming sorbents for noble metals: G. V. MYA~OE~VA, I. I. ANTOKOLSKAYA and S. B. SAVVIN. (2 May 1984) 

A new method for the determination of totai lead blended as lead akyls in motor spirit, by atomic-absorption spectrascopy: 
SAMARE~H BANERJEE. (2 May 1984) 

Relationship of pH and potential: K. L. CHENG. (3 May 1984) 

Determination of hormones by using time-resolved ihroroimmunoassay: TIMO L&GREN, ILKKA HEMMIL.& KIM PE~RSSON, 
JARKKO U. J~KOL.A and ERIC BERTOFT. (3 May 1984) 

Solvent extraction separation of rubidium with dicyclohexene-l&erownd: B. S. MOHITE and S. M. KHOPKAR. (8 May 1984) 
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Determination of tkermodynamic ionization constants for eight medicinal benzylimidazolines: J. E. KOUNOURELLIS, 
N. POPADO~~ULOS and A. RAPTOULI. (19 March 1984) 
Direct determination of sub-nanomolar levels of zinc in sea-water by cathodic stripping voltammetry: C. M. Cl. VAN DEN BERG. 
(19 March 1984) 
Positive feed-back compensation of iRdrop in mod&d normal pulse polarograpky of sodium ion in acid solution: MINORU 
HARA. (19 March 1984) 
Spectrofluorimetric assay of tetncycliae and ankydrotetracydlne in combination: M. ABDEL-HADY ELSAYED, M. E. BARARY 
and H. MAHCOUB. (19 March 1984) 
A new polarograpblc catalytic method for the determinatloa of micro quaatities of tungsten (VI): H. RAMACHANDRA MURTHY, 
G. VENUGOPAL and V. SURYANARAYANA RAO. (19 March 1984) 
Reversed-phase partition high-pressure liquid chromatography of trace amounts of inorganic and organic mercury with silver 
dietkylditldocarbamate; SADANOBU INOLJE, SVWARU HOSHI and MUT~WA MATSUBARA. (24 March 1984) 
Determination of rare-earth elements ln geological samples by thin-film X-ray fluorescence and inductively-coupled plasma 
atomic-emission spectrometry: Hou QING-LIE, T. C. HUGHES, MAUNU HAUKKA and PHILIP HANNAKER. (24 March 1984) 
Constructfon aod evaluation of a potassfum-selectfve tube-mounted membrane electrode: R. E. FARRELL and A. D. Scorr. 
(6 March 1984) 
Investigation of industrfol dI(alkylphenyl)dltbfopboephovic acids: ZS. WITTMANN, Z. DBCSY and E. F’LJDMFIR. (26 March 1984) 
Rapid spectropbotometric determination of some pbenothiazlne derivatives with N-cldorosuccinimide: RANGASWAMY, H. S. 
YATHIRAJAN, P. NAGARAJA, JAYARAMA and B. M. MOHAN. (26 March 1984) 
Calculation of the formation constants of the Cu(IQ-tlhemicahxone complexes by a modification of the Deford and Hume 
method applicable to qua&reversible and irreversible processes: M. ARG~%o, M. DOLORES LUQIJE DE CASTRO and MIGUEL 
VALCARCEL. (27 March 1984) 
Pyrldylazo compounds as analytical reagents: A review: ALI Z. ABU-ZUHRI. (27 March 1984) 
5,5’-[-(2-Pyrldyl)-l,Z,4-trlazine-5,6-diyl~-bis-2-furanesulphoaic add, disodium salt, as a novel chromogenic reagent for 
ruthenium: M. C. MEHRA and A. ARSENWU. (28 March 1984) 
Photometric complex-formation titration of submlcromole amouats of uraaium: J. KRAGTEN and W. OZINGA. (28 March 1984) 
Study on the synergistic extraction of cobalt(D) wltb lower fatty acids ln the presence of lteterocyclic amineq and some metal-ion 
separations: S. K. GOGIA, D. SINGH, 0. V. SINGH and S. N. TANDON (29 March 1984) 
The application of internal electrolysis to determination of tbe eqdvalence point of a reaction, based on the variation in the 
current flowing: precipitation determination of chloride and chromate: W. RZBZUTKO and E. SOMOGYI. (29 March 1984) 
Spectropbotometric study of the ineraction of tris-[2,~s-(Ulydroxy~~~l-naphthylPene, trisodium salt, with 
silver, and use of the silver complex for indirect determination of bromide and iodide: ISHWAR SINGH and PRATAP SINGH 
KALIYAN. (30 March 1984) 
Indirect determination of trace phenol in water by atomic-akaorption spectropkotometry: Xv Bo-XING, Xv TONG-MING, SHEN 
MING-YENG and FANG Yu-ZHI. (30 March 1984) 
Atomicabsorption and flame-photometric analysis of Nigerian crude oils and the associated water, for sodium, potassium, 
calcium, magnesium and arsenic: C. A. NWADINIGWE and P. C. ACHILIKE. (2 April 1984) 
Rapid and selective cbelatometric titration of alumlaimn in non-ferrous aBoys: ZHOU NAN, Gu YUAN-XIANG, Lu ZHI-REN 
and CHEN WEI-YONG. (4 April 1984) 
Indirect spectrophotometrfc determination of silicate: I-WEN SIJN and FREDRICK BET-PERA. (4 April 1984) 
The solubility and acid dissociation constants of fluoreacein la water solution: HARVEV DIEHL and RICHARD MARKUSZEWSKI. 
(4 April 1984) 
Fluorlmetric determination of catecbolaminea: FATMA B. SALEM and I. W. MOHAMED (6 April 1984) 
Analytical applications of semicarbmnes and thiosemicarbazones: Recent advances: AJAI K. SINGH. (6 April 1984) 
Potentiometrlc studies on the chelates of Al(III), Ga(III) and Ia(DI) with some disubstituted pyridioes: R. S. SINDHU and 
R. P. SINGH. (6 April 1984) 
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A new and very rapid indirect method for determination of stability constants of 1: 1 complexes: P. H. TEDESCO, V. B. DE 
RUMI, L. B. DE CORDO, A. PIRO and A. IGEA. (3 January 1984) 
Sensitive flotation-spectrophotometric determination of gold, based on the gold(IeodideMethylene Blue system: Z. 
MARCZENKO and K. JANKOWSKI. (18 February 1984) 
Spectrophotometric and potentiometric determination of the proton&ion constants of dithiocarbazates: Studies on some of their 
metal chelates: A. IZQUIERLIO, J. GUA~CH and F. X. Bus. (22 February 1984) 
Analytical application of a macroreticular hydroxamic acid resin: CH~EN-YING LIU. (22 February 1984) 
Spectrophotometric determination of nitrate and nitrite in natural water and sea-water: S. J. BANJIC and B. JASELSKIS. (24 
February 1984) 
Reaction of iron(III) with tiron in the presence of ferrozine, and determination of tiron: N. SIMONZADEH and B. JASELSKIS. 
(24 February 1984) 
The spectrophotometric determination of the platinum metab+VHI: Highly sensitive extraction determination of palladium 
with 4-(2-pyridylazo)-resorcinol in the presence of cetylpyridinium bromide: 0. COUFALOVA and L. CER~~KOVA. (24 February 
1984) 
The determination of chlorpromazine and thioridazine by differential pulse voltammetry in a&o&rile medium: N. ZIMOVA 
and I. N~MEC. (24 Februaj 1984) 
Chromatic evaluation of pyridine-saldehyde and 6-methylpyridiw-2-aldehyde-p-nitrophenylhydrazones as indicators: A. M. 
CAMEAN FERNANDEZ, J. BATISTA PAL~MA and M. GUZMAN CHOZAS. (1 February 1984) 
Alkali-metal ion complexation with lariat ethers posses&g a chromogenic group: B. &. BUB&IS and G. E. PACEY. (28 Febraury 
1984) 
Determination of dipheoyltin and dialkyltin homologues by high-performance liquid chromatography incorporating morin in 
the eluent: W. LANGSETH. (28 February 1984) 
Critical study of some metallochromic indicators for lead: J. CACHO, C. NERIN and A. GARNICA. (28 February 1984) 
Flow-injection analysis in,clinical chemistry: C. RILEY, B. F. RICKS and R. A. SHERWOOD. (20 December 1983) 
The development of a light-scattering immunoassay for plasma thyroxene binding prealbumin: K. SPENCER. (8 December 1983) 
Enzyme-linked hnmunosorbent assay (ELISA) of antibodies to eight common q eurotropic viruses: J. A. P. EARLE, N. V. 
MCFERRAN and G. B. WISWM. (5 January 1984) 
Luminescent immunoassay (LIA) methods for steroids: M. PAZZAGLI, G. MESSERI, A. L. CALDINI, P. L. VANNLJCCHI, A. 
TOMMASI and M. SERIO. (4 January 1984) 
Immunoassays in aqueous two-phase systems: TORBJ~RN G. I. LING and Bo MA~IASSON. (24 January 1984) 
Development of a sensitive enzyme immunoassay for plasma and salivary steroids: A. RODA, S. GIROTTI, S. L~DI and S. PRETI. 
(4 January 1984) 
Zinc and nickel ferrocyanides: preparation, composition and structure: C. Loos-NEKOVIC, M. FEWROFF, E. GARNIER and P. 
GRAVEREAU. (12 March 1984) 
Themmdesorptive analysis of GaAs and ZnSe surfaces: I. A. KIROVSKAYA, G. M. ZELYEVA and A. V. YURYEVA. (12 March 
1984) 
Thin-layer chromatography of some aliphatic aldehyde-MBHT derivatives: V. CARUNCHIO, G. DE ANGELIS, A. M. GIRELLI 
and A. MESSINA. (12 March 1984) 
Simultaneous determination of arsenic, selenium, tin and mercury by non-dispersive atomic-fluorescence spectrometry: A. 
D’ULIVO, R. Fuoco and P. PAPOFF. (12 March 1984) 
Catalytic titration of iodide, bromide and thiocyanate by use of the silver-catalysed phloxio-persulphate reaction: C. 
SANCHEZ-PEDRENO, M. HERNANDEZ CORD~BA and P. VINAS. (12 March 1984) 
A kinetic method for trace mercury determination: K. MALLIKARIUNA RAO, T. SREENIVASULU and S. BRAHMAJI RAO. (12 
March 1984) 
Spectiophotometric determination of aliphatic primary and secondary amines by reaction with p-benzoquinone: SAAD S. M. 
HASSAN, K. L. ISKANDER and N. E. NASHED. (12 March 1984) 
Voltanunetric interpretation of potential at the ion-selective electrode, based on current-scan polarograms observed at the 
aqueous/organic soh~tioa interface: S. KIHARA and Z. YOSHIDA. (12 March 1984) 
Polarograpbic behaviour of some substituted arylhydrazones of acetylacetone: K. RAM and S. BRAHMAJI RAO. (12 March 1984) 
Extractive spectrophotometric determination of molybdenum as an ion-association complex with tbiocyanate and Adogen: F. 
SALINAS, J. J. BERZAS NEVAW and M. I. ACEDO VALENZUELA. (12 March 1984) 
Ultraviolet spectral structure correlations of five amidioes of pharmaceutical interest: JOHN E. KOUNTOURELLIS and JOHN T. 
R. OWEN. (12 March 1984) 
Hydroxide complexes of lanthanides-VII: neodymium(II1) in perchlorate medium: J. KRAGTEN and L. G. DECNOP-WEEVER. 
(12 March 1984) 
A comparative study of some hydroxyanthraquinones as acid-base indicators: J. BARBOSA, E. BUSCH and R. CARRERA. (12 
March 1984) 
Standard addition procedure for the determination of traces of lead in solid samples by X-ray fluorescence spectrometry: NIEL~ 
PIND. (12 March 1984) 
Spectrophotometric determination of germanium in ores, concentrates, zinc processing products and related materials with 
phenylfluorone and cetyltrimethylammonium bromide after separations by iron collection and heptane extraction of germanium 
tetrachloride: ELSIE M. DONALDSON. (13 March 1984) 
The stability of metal complexes with &mercaptoquinoline and alkyl-substituted &mercaptoquinolines in dimethylformamide: 
N. A. ULAKHOVICH, H. C. BUDNIKOV, T. S. CORBUNOVA and A. P. ST~RIS. (13 March 1984) 
Synthesis and characterization of 1,2_cyclohexanediow his-benzoylhydrazone and its application to the determination of 
titanium in minerals aod rocks: M. GARCIA-VARGAS, S. TREVILLA and M. MILLA. (13 March 1984) 
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The spectrophotometric evaluation of acidity constants: The double incomplete colour change: A. G. ASUERO, M. J. NAVAS 
and D. ROSALES. (26 November 1984) 
Urea as basic component in pyridine-free Karl Fischer reagent: M. Bos. (6 December 1983) 
Comment on laser-excited tluoreacence line-narrowing: An analytical study: J. M. HAYES and G. J. SMALL. (7 December 1983) 
Factors that influence the first-order kinetics and completeness of deposition in the electro-deposition of trace amounts of metals: 
RAGNAR BYE. (8 December 1983) 
Determination of cerimn in silicate rocks by electrothermal atomization in a furnace lined with tantalum foil: Application to 
19 internationai geological reference materials: J. G. SEN GUPTA. (8 December 1983) 
Estimation of uranimn in columbite-tantaiite samples: A method for sample-solution preparation for Ruorometric estimation: 
B. K. BALAJI, A. PREMDAS and G. V. RAMANAIAH. (14 December 1983) 
Study of the potential response of solid-state chloride electrodes in low concentration ranges: E. G. HARSANYI, K. T&I-H, E. 
FYJNCOR, Yosmo UMEZAWA and SHIZUO FUJIWARA. (14 December 1983) 
A new calorimetric determination of DDA: 2,2-bis@-chiorophenyI) acetic acid: B. D. BANERJEE, M. RAMACHANDRAN and 
Q. Z. HUSSAIN. (15 December 1983) 
Extractive separation and spectrophotometric determination of palladium and platinum with dithizone in the presence of 
stannous chloride: Z. MARCZENKO, S. Kus and M. MOJSKI. (15 December 1983) 
Chemiluminesccnt reaction of lu&enin with reducing sugars: ROBERT L. VEAZEY, HOWARD NEKIMKEN and TIMOTHY A. 

- 
_ - 

NIEMAN. (15 December 1983) 
Use of a simple monitored thermometric technique for reaction-rate determination of inorganic species: System based on the 
iodide-catalysed cerimn(fV)_arsenic(III) reaction: F. GRASES. R. FORTEZA. J. G. MARCH and V. CERDA. (20 December 1983) 
Ftude polakgraphique ‘du niobium‘ dans lea m&urges eaukuorure d’hydrogene en presence d’ions t~traalkylammonium~ 
HUCHE~ MBNARD and ~~JEAN BEAUDOIN. (28 June 1983) 
Extraction of cobalt from thiocyanate solutions with polyurethane foam: R. F. HAMON and A. CHOW. (23 December 1983) 
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EDITORIAL: 
SOFTWARE SURVEY SECTION 

In order to encourage the open exchange of information on software for use in analytical 
chemistry, TALANTA is to introduce a new Software Survey Section. Alongside the rapid 
penetration of computers into academic and industrial institutions has come a parallel 
increase in the number of scientists and researchers designing their own software. The 
existence of much of this software remains unknown to many who could greatly benefit from its 
use. We believe that it would be extremely useful to our readers to have such information 
made available, and that a professional journal is the best place for doing it. We therefore 
invite you to consider making a contribution to the Section. 

The two-page questionnaire on the following pages is designed to assist you in reporting on 
software that you have developed or are in the process of developing. The information you 
supply will then be published; thus it will reach thousands of your colleagues who may 
benefit from your work and possibly offer suggestions for enhancement of your software. If 
you are interested, please complete the form and return it to our Computing Editor: 

Or M R Masson 
Oept of Chemistry 

University of Aberdeen 
Old Aberdeen, Scotland 

We do not intend to comment on or review the material submitted, which will be published "as 
recefved" (apart from any editing needed for clarity and uniformity1 in order to expedite its 
publication. Any comments or suggestfons you may have will be welcome. The Software 
Description Form will appear in all future issues. 

THE EDITORS 



II Software survey section 

NAME OF JOURNAL TALANTA 

PERGAMON PRESS 
SOFTWARE DESCRIPTION FORM 

Title of software package: 

It Is: I: lAppli_cation program I: IUtility [ IOther 

Specific area 
(e.g. stability constants, calibration, pattern recognition, optimization) 

Software developed for [name of computer(s)] 

in [language(s)1 

to run under [operating system3 

and available on: 

[: 1 Floppy disk/diskette. 

Size Density 

C 3 Magnetic tape. 

Size Density 

[: ISingle-sided C IDouble-sided 

Character set 

Distributed by: 

Minimum hardware configuration required: 

Memory required: User friendly?: C JYes 1 INo 

Documentation: [ INone C IMinimal 

E IExtensive external 

[ 3Self-documenting 

documentation 

Source code available: [ 3Yes C INo 

Level of develop~nt: C IDesign complete f ICoding complete 

f 3Fully operational i: ICollaboration would be welcomed 

Is software being currently used? E 3Yes t 3No 

If yes, how long? If yes, how many sites? 

Contributor is willing to deal with enquiries?: C IYes [ 3No 

(continued) 

PERGAMON PRESS 
Maxwell House, Fairview Park, Elmsford NY 10523, USA 

Headington Hill Hall, Oxford OX3 OBW, England 

[This Software Description Form may be photocopied without permission1 



Software survey section III 

Description of what software does C200 words maximum; use separate sheet if necessary]: 

Potential users: 

Fields of interest: 

Name of contributor: 

Institution: 

Address: 

####### 

Telephone number: 

####### 

Reference No. [Assigned by Journal Editor1 

RETURN THIS FORM TO: 

Dr M R Masson 

Dept of Chemisty 

University of Aberdeen 

Old Aberdeen, Scotland 

EThis Software Description Form may be photocopied without permission1 
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ERRATUM 

In the letter to the editor, on pages 233 and 234 in the March 1984 issue of Talanta, an error in interpretation 
led to an error in the letter. The second paragraph should read: 

“Linear equations in four terms and three unknowns’ can be used to evaluate the pI& of a monoprotic 
acid: 

[HI& FWHR ----&=: _Ai 
K -8 K _a 

in which Ai is the absorbance of a solution containing a mixture of HR and R, &a, and 4s are the unknown 
absorbances for pure HR and R respectively at a concentration equal to [HRli + [R], for the solution 
measured, and charges are omitted for simplicity.. . ” 

In equations (2) and (3) and the line above them, s,.,s and us should be replaced by AHR and AR respectively. 
In reference 3, Rossenblatt should be Rosenblatt. 

. . . 
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NOTICE 

1985 PITTSBURGH CONFERENCE 
CALL FOR PAPERS 

The Pittsburgh Conference takes great pride in providing a scientific forum for authors from diverse backgrounds-from 
the Nobel Laureate to the novice. We invite you to join our distinguished array of invited speakers in presenting papers 
at the 1985 Pittsburgh Conference and Exposition. 

Papers may be contributed in all areas of the disciplines of Analytical Chemistry and Applied Spectroscopy. 
Those authors wishing to present papers at the 1985 Pittsburgh Conference should submit four (4) copies of a 300-word 

abstract to: 

Mrs. Linda Briggs, Program Secretary 
Pittsburgh Conference, Department J-029 
437 Donald Road 
Pittsburgh, PA 15235, U.S.A. 

The abstract should be complete and show: 

a. The title of the paper. 
b. The name of the author(s), the organization(s) in whose laboratory the work was done, and the address( Provide 

the COMPLETE mailing address of each author, including department and any other mailing code. 
c. The name of the author who will present the paper must be underlined.. 
d. Sign and date the abstract page in verification that the paper and all material therein has not been published or 

previously presented. 

The final data for receipt of abstracts is 15 August 1984. Abstracts received after this date cannot be guaranteed 
consideration for inclusion in the 1985 Technical Program. 

Exposition of modern laboratory equipment 

In 1984 the Modern Laboratory Equipment presented at the Conference totalled 636 exhibitors occupying 1607 booths 
and seminar rooms in which was displayed the latest equipment available in the areas of Analytical Chemistry and 
Spectroscopy. Anyone desiring to reserve exhibit space or to obtain additional information regarding the 1985 Exposition 
should contact: 

Mr. Peter Castle, Exposition Chairman 
Pittsburgh Conference 
437 Donald Road 
Pittsburgh, PA 15235, U.S.A. 

. . . 
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PUBLICATIONS RECEIVED 

Atomic Absorption Spectrometry: JOHN E. CANTLE (ed.), Elsevier, Amsterdam, 1982. Pp. xvi + 448 $97.75, Dfl. 210. 

It is always interesting, when looking at a new text on atomic-absorption spectroscopy, to see what the author(s) feel 
they have to offer that makes their particular text different from the many already published. In this instance the book 
is really a collection of specialized reviews, drawing on the expertise of more than twenty contributors. The price paid is 
that there are substantial differences in quality and style, and inconsistencies in choice of units, from section to section. 
This is most noticeable in the figures, which often look distinctly “second hand”. Moreover there is little cross-referencing. 
However these are minor criticisms, and the coverage of the selected topics in the applications section is generally good. 

The first chapter in the book, one on basic principles, is disappointing. In several places a novice in the field could acquire 
ideas which are basically wrong. It might perhaps have been improved by stricter editing. Chapters 2 and 3, on 
instrumentation and practical techniques, are more helpful, but unfortunately devoid of references to the literature. Chapter 
4, the applications chapter, is undoubtedly the most useful. The areas covered include water and effluents, marine samples, 
airborne particulates, foodstuffs, ferrous and non-ferrous metallurgy, geochemistry, petroleum products, glasses and 
ceramics, medicine, forensic science and miscellaneous chemicals. These sections contain much useful material, and 
generally, with two or three exceptions, include extensive references, at least to the pre-1978 literature. The index is, to put 
it politely, pathetically inadequate, and the reader will find the detailed contents pages far more useful. 

If the book happens to cover your particular field of specialization in its applications section, then it is well worth reading. 
However, its future probably depends on purchase by libraries rather than by individual users. 

MALCOLM S. CRESSER 

An Introduction to Chemical Equilibrium and Kinetics: LOUIS MEITES, Pergamon Press, Oxford, 1981. Pp. xii + 549. Hard 
cover $75.00, E31.00; Flexicover $19.95, f8.95. 

This book is the first of the Pergamon Series in Analytical Chemistry and is intended for first and second year students. 
It deals with the equilibria and rates of chemical reactions, along with the various methods for their study. It is beautifully 
organized and written with great clarity. Each of the fifteen chapters starts with a brief introduction, and every subsection 
begins with a summary of the material discussed. All chapters contain a number of worked mathematical problems, followed 
by some for the reader to solve. 

The first chapter tells what the book is about, and the next two introduce chemical thermodynamics, equilibrium and 
kinetics in a simple but comprehensive manner. The next five chapters deal with different types of chemical equilibria and 
the study of reaction rates. These chapters are well written but could have been further improved by inclusion of more 
graphical representations. Chapter 9 discusses gravimetric and titrimetric analysis, right from sample preparation to the 
stoichiometric calculation of the results, and Chapter 10 deals with the mechanism of precipitation and co-precipitation, 
and also the various factors that affect the physical properties and the rates of formation and growth of precipitates. The 
next chapter deals with titration curves and contains a number of graphical representations of different chemical equilibria, 
and this makes the subject easier to understand. 

Chapter 12 is on errors in scientific measurements. The author is successful in presenting the basic statistics in a simple 
way, a task which is often difficult to achieve. The next chapter, on activity and activity coefficients, is the best written 
in the book. It deals with the effect of ionic strength on activity coefficients and with the Debye-Hiickel limiting law and 
its various extended forms. 

The last two chapters deal with the most common techniques for studying chemical equilibria and reaction rates, viz. 
potentiometry and spectrometry, and convey the essentials necessary for a working knowledge of both techniques. In the 
chapter on potentiometry, however, the last of a detailed section on use of ion-selective electrodes is a notable omission, 
since these have become essential tools for the chemist working in the field of potentiometry. 

Overall, in spite of a few printing errors, the book is well illustrated and informative. It successfully serves its purpose 
of introduction of chemical equilibria and kinetics to a beginner in analytical chemistry. The standard of printing and 
binding is good, and the price of the flexicover edition well within the reach of students. 

MAHMOUD I. FAR~~QI 

Quantitative Analysis of Steroids: S. G~R~G, Elsevier, Amsterdam, 1983. Pp. 440. US $86.50 (U.S.A. and Canada); 
Dfl. 225.00 (Rest of World). 

GBriig’s latest book provides a comprehensive and readable account of the quantitative aspects of the analytical methods 
currently used in the steroid field. All the major classes of steroids are covered in crisp and critical fashion, from the sex 
hormones and their metabolites (including conjugates), through corticoids, cholesterol and other sterols, the vitamin D 
group, bile acids, cardiac glycosides, sapogenins and ecdysones, to steroid alkaloids. Techniques covered range from the 
spectroscopic methods (ultraviolet, infrared, nmr, etc.) through chromatographic methods, particularly gas chromatography 
and high-pressure thin-layer liquid chromatography, to biochemical methods such as radioimmunoassay and ezyme 
immunoassay. Only the very recent chemiluminescence methods are omitted. In the discussion of gas chromatography the 
superior resolving power of capillary columns over packed columns for the profiling of complex mixtures is clear, but 
clean-cut comparisons for a given sample mixture are lacking. Sample preparation procedures for analysis of steroids from 
various types of biological fluids are covered in detail. 

Thankfully, the book does not follow the recent sinister trend for review books to have only an author index (or at most 
an author index and a token subject indexFinstead there is a most useful index of the substances dealt with. 

ALAN B. TURNER 
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EDITORIAL 

“THE EDITOR REGRETS.. . .” 

It is always a difficult and unpleasant task to reject a paper submitted for publication, and it is not easy to 
avoid offending the author(s). Nevertheless, standards must be maintained, for the sake of the author as much 
as the reader and the reputation of the journal, and papers that fall into the category of “futile” (see the 
Editorial in the February 1979 issue of Talantu) or are incorrect in their chemistry, or unacceptable for other 
reasons, must be tirmly but politely rejected. Judging by the Editorial in the January 1984 issue of Analytical 
Chemistry, rejection can produce rather startling reactions from authors, presumably those most urgently in 
need of publications to support claims for tenure or promotion. Such authors might well reflect that besides 
the “publish or perish” situation, there is also “publish and perish” if the papers are of inadequate standard. 
Our policy in Talanta has always been to explain to the author exactly why his paper is not being accepted, 
and often to suggest ways in which the work might be improved. Sometimes we have gone so far as to edit 
the paper in order to help him if he decides to try his luck elsewhere. Some papers, however, are so poor 
that 110 journal can be found that will accept them. Very occasionally an author will have had a paper rejected 
by so many journals that he has forgotten which ones he has tried, and sends it back (unaltered!) to the journal 
he tried first. 

We are glad to say that the problem of writing the rejection letter has now been solved, and by courtesy 
of World Medicine (where we found the solution on p. 45 of the issue for 21 January 1984) we can share the 
solution with our readers. The letter was said to be written by the editor of a Chinese medical journal, and 
reads as follows. 

“Dear Dr. -, 
We have read your manuscript with boundless delight. If we were to publish your paper it would be 

impossible for us to publish any work of lower standard. And as it is unthinkable that, within the next 
thousand years, we shall see its equal we are, to our great regret, compelled to return your divine composition, 
and to beg you a thousand times to overlook our short sight and timidity.” 

Now who could want a better letter than that (or even write one)? 
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Soil Analysis-Instrumental Techniques and Related Procedures: K. A. SMITH (ed.), Marcel Dekker, New York, 1983. Pages 
562 + xii. SFr. 198. 

This text goes a long way towards filling a conspicuous gap in the literature of analytical chemistry, in providing a useful 
and comprehensive account of most of the major instrumental techniques that find widespread use in soil science. Eleven 
chapters from 16 established authorities cover atomic-absorption and flame emission spectroscopy, ion-selective electrodes, 
automation, XRF, isotope techniques (including “N determination), neutron-activation analysis, gas chromatography, and 
high-pressure liquid chromatography. 

A consistent style has been maintained throughout the book. Each chapter covers fundamental principles, instrumen- 
tation and practical aspects of analysis, with many references to the original literature up to 1978. Unfortunately, in most 
of the contributions very little more recent work has been included, creating the impression that the book was a long time 
in the writing, with sometimes reluctance to update contributions. 

Nevertheless the end-product has benefited from a wealth of first-hand experience, and provides excellent coverage ot 
the topics selected. The material is presented at a level which makes it useful to the complete newcomer to a technique, 
or to experienced users who simply require more background information. The book will be useful both to soil scientists 
needing to use analytical techniques and to analysts whose work includes soil samples. 

The title of the book is rather more all-embracing than the contents, which are primarily concerned with elemental 
analysis. Instrumental methods of mineralogical analysis are therefore excluded. This must have been necessary to keep 
length and costs at a reasonable level. It would, however, still have been possible to write another volume of the same length 
covering topics which are omitted, including for example conductivity measurement and other electrochemical techniques, 
ion analysers, autotitrators, sub-sampling techniques, etc. Generally the book can be strongly recommended. 

MALCOLM S. CRESSER 

Recent Advances in Capillary Gas Chromatography, Volumes l-3: W. BERTSCH, W. G. JENKINS and R. E. KAISER (eds). 
Huthig Verlag, Heidelberg, 1981-2. Vol. 1, pp. XII + 592, DM 75.00, $38.00; Vol. 2, pp. XII + 557, DM 75.00, $38.00; 
Vol. 3, pp. XII + 590, DM 75.00, $38.00. 

These volumes are published as a trilogy reflecting the worldwide growth of the development of modern capillary 
chromatography and its application to a very wide range of chemical problems. It is a particularly unusual series in that 
it republishes papers already in print in the Journal of High Resolution Chromatography and Chromatographic Commu- 
nications. However, rather than giving a wasteful proliferation of mediocre information the editors have wisely and carefully 
selected papers which reflect the major innovations made in capillary gas chromatography during the years when this 
technique took a quantum step forward. This selection and exclusive focus on capillary chromatography will make this 
series invaluable to the legion of modem chromatographers. Such a dedicated series is very timely and should do much 
to dispel any lingering concern, not in academia, but in industrial analytical services, about the reliability and accuracy 
of analyses by capillary gas chromatography. 

The three volumes have a similar format of subject areas, each volume covering the development of the subject 
chronologically. There are eight chapters in each volume and each begins with a series of reviews. The review subjects 
covered are: (Vol. 1) Techniques in Two Dimensional High Resolution Gas Chromatography (HRGC); Performance of 
Gas Chromatograph (GC) Detectors with Glass Capillary Columns; Twenty years of Glass Capillary Columns; Practical 
Capillary GC-a Systematic Approach; (Vol. II) Evolution and Application of the Fused Silica Column; (Vol. III) Glass 
Surfaces as Support Phases in GC; Analysis of Drugs and Related Compounds; Surface Modification in Glass Capillary 
GC. 

There are 4 papers on Theoretical Considerations, 39 covering the Preparation, Deactivation and Repair of Columns, 
and 10 dealing with Testing, Selection and Efficiency of Columns. The section covering Column Installation, Conversion 
of Apparatus for Capillary GC has 13 papers, Sampling; Special Conditions and Techniques of Sampling has 18, 
Applications has 48 and the final section on Detection Conditions: Separation and Detection Optimization and Data 
Handling has 8. 

The series spans some 1700 pages and encompasses the work of 240 authors, who collectively cover a number of major 
themes which encourage the reader to adopt a lateral approach to each subject. There is the continuing search for the 
utopian column having maximum activity and efficiency for every conceivable sample type. One fruit of this apparently 
endless search has been the successful emergence of the polyimide-coated fused silica column, which now has cross-linked 
(chemically bonded) phases to enhance stability and prevent liquid phase from being stripped by the solvent during injection. 
The development, rigorous testing and applications of these columns have been fully documented and comparisons made 
with their glass predecessors. Considerable attention has also been given to methods of sample introduction, with a number 
of designs for on-column injection highlighting the need for a “cold” injection, and expansion of the various hypotheses 
advanced to explain cold-trapping and solvent effects. There are a number of sophisticated separation procedures, involving 
column switching, two-dimensional chromatography and multidetection techniques, some of which are no more than an 
academic exercise, while others have already found some practical everyday use. 

Volume 3 contains the cumulative author and subject index for the series, while the first two books have just their own 
indexes. Such a trilogy will be ideal for scientists new to the field. The set should become well thumbed handbooks for 
the practising chromatographer and an excellent review source for future authors developing these subjects. 

D. E. WELLS 

. . . 
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Computers in Analytical Chemistry: PHILIP BARKER, Pergamon Press, Oxford, 1983. Pages xvi + 472. E37.50, $75.00. 

Although some of its chapters contain well-presented useful information, I feel that this book as an entity is not totally 
satisfactory, and that a more appropriate title might have been chosen, since most of the emphasis of the book is on the 
use of computers in association with analytical instrumentation. The long-established use of computers for calculations and 
predictions of classical analytical equilibria is scarcely mentioned: the review by Childs et al. (Talunta, 1969, 16,629, 1119), 
the program HALTAFALL (Tulonta, 1967,14,1261) and the book by Dyrssen, Jagner and Wenglein (Computer Calculation 
of Ionic Equilibria und Titration Procedures, Almqvist and Wiksell, Stockholm, 1968) are not referred to at all. It is rather 
unusual to make this criticism, but I think that the author has placed far too much emphasis on very recent literature, 
to the detriment of earlier material. 

As an analytical chemist, I found the first three chapters, What is Analysis?, Analytical techniques, and Instrumentation, 
almost totally superfluous. They made me wonder just who the author wrote the book for. Chapter 4 gives a good brief 
description of computers and their function, but I felt that it was rather too brief for the real novice. I also felt that the 
author had been rather selective in his choice of microprocessors and microcomputers for detailed consideration. For 
example, he does not mention the Apple II computer, which has found very wide application. 

Chapters 5-8, on Data Collection, Interfaces and Principles of Interfacing, Communication Channels, and Automation 
in the Laboratory, I found much more satisfactory-the real meat of the book. The chapter on interfacing gives a great 
deal of detailed information, and is likely to be the most useful one to an analytical chemist who is actually trying to hitch 
up his instruments to computers. 

Of the remaining chapters, Chapter 9 gives a rather superficial picture of Data-Processing Methods, and Chapter 10 gives 
a useful introduction to Data Bases and Data Centres. Chapter 11, Information Services, could well have been omitted, 
since the topic has been discussed in detail elsewhere (e.g., by Ash and Hyde, Chemical Information Sysrems, Horwood, 
Chichester, 1974) and is one with which all chemists should be concerned, not just analytical chemists. The final chapter, 
on Computer Networks, is probably timely, but much of the detailed information would be of more use to computer experts 
than to the average working analytical chemist. 

MARY MASXIN 

Metal Vapours in Flames: C. TH. J. ALKEMADE, TJ. HOLLANDER, W. SNELLEMAN and P. J. TH. ZEEGERS. Pergamon Press, 
Oxford, 1982. Pages xxii + 1033. f50.00, $95.00. 

The book is devoted to all aspects of metal-vapour behaviour in combustion flames. It contains a great deal of material 
of interest for those who work in spectrochemical analysis, plasma physics and high-temperature chemistry of metal 
compounds. The volume is very helpful as a summary of the multitude of works scattered throughout the literature on 
emission, absorption and fluorescence spectroscopy. It was a titanic work for the authors to systematize so huge and so 
varied an amount of material. The tremendous merit of Professor Alkemade is that he managed to organize for the task 
a group of experts who actively research in this field. 

It must be mentioned that the professional interests of the authors in emission and fluorescence spectroscopy manifest 
themselves in the scope of the topics covered. As a result the authors pay relatively small attention to the chemistry of 
the carbon-rich flames, which are of little interest for emission and fluorescence, and the two-line atomic-absorption method 
of temperature measurement is altogether out of the scope of the book. At the same time, the authors’ own rich experience 
has made it possible to select the most reliable and proved data for the book. 

This has resulted in a volume of more than 1000 pages. The literature cited comprises about 2000 works. Chapters II 
and II deal with fundamentals of the structure and interaction of atoms and molecules, and general experimental methods 
which give rapid information about the material in question. The authors have avoided excessive use of mathematical 
expressions, which is why the book is of great value for both the expert and the beginner in the field. The topics are covered 
very thoroughly and the practical experience of the authors is evident throughout the volume. The system of cross-references 
throughout the text and the detailed subject index (including about 3500 items) make the book the real encyclopaedia on 
laboratory flames. 

Undoubtedly, the book should be a part of the personal libraries of theoreticians and experimentalists interested in the 
fundamentals and the analytical application of flame spectroscopy. 

B. V. L’vov 
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TALANTA ADVISORY BOARD 

The Editorial Board and the Publisher of Talunta take measure in welcoming the following new member of 
the Advisory Board of the journal. 

KAREL STULIK 

They also wish to record their sincere thanks for the help given by 

R. PRIBIL H. SANKE GOWDA 

who retire from the Advisory Board. They are particularly grateful to Dr. 
with Talanta from its inception. 

Piibil, who has been associated 

Dr. Stulik was born in Kolin, Czechoslovakia in 1941, and graduated in chemistry in 1963 from the Faculty 
of Technical and Nuclear Physics, at the Czech Technical University in Prague. His postgraduate studies in 
electroanalytical chemistry at the J. Heyrovsky Polarographic Institute, Czechoslovak Academy of Sciences, 
Prague, from 1964 to 1968 led to his Ph.D. degree in 1967. Since then he has been a research worker and 
lecturer at the Department of Analytical Chemistry, Charles University, Prague, except, for the year 
1968-1969, which he spent as assistant lecturer in the Department of Pure and Applied Chemistry, University 
of Strathclyde, Glasgow, Scotland. His research interests include polarography, electrochemical stripping 
analysis, ion-selective electrodes, and combination of electrochemistry with separation techniques, chiefly 
HPLC. He has published about 80 research and review papers and several university texts. He is co-author 
of “Electrochemical Stripping Analysis” and “Analysis with Ion-Selective Electrodes”, published by Ellis 
Horwood in 1968 and 1969; the former has been translated into Russian and published by Mir, Moscow (in 
1980). He is co-author with Professor J. Koryta, of “Ion-Selective Electrodes”, to be published by Cambridge 
University Press. He is a member of the Czechoslovak Chemical Society. 
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ERRATA 

In the paper by P. A. Michalik and R. Stephens, Talanta, 1983, 30, 819, the symbol V should be replaced 
by A in the captions of Figs 2, 3 and 5. 

In the paper by D. F. Grant and D. Eastwood, Tulantu, 1983, 30, 825, the following corrections should be 
made. 

In Fig. 6 the y-axis should be labelled “Absorbance”. 
In Fig. 7 the labels “l.O-2.0(O.D.)” and “O-l.O(O.D.)” in the middle of the scales on the left- and 
right-hand y-axes should be deleted, and so should the second sentence in the caption. 
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Liquid Chromatography in Environmental Analysis: Edited by JAMES. F. LAWRENCE. Humana Press, Clifton, New Jersey, 
1984. Pages xiv + 382. S55 ($65 outside USA). 

Success in chromatography comes with experience: acquiring the instrument and learning the theory are just the first steps. 
It can help to work alongside an old hand and be guided round some of the pitfalls, but not every beginner is so fortunate. 
So if you are thinking of setting up for HPLC this book might be the next best thing. Individual chapters are written by 
specialists, e.g., on Polycyclic aromatics, Pesticide residues, and Surfactants. Probably fewer people will intend to determine 
trace metals by HPLC, but the review here is certainly welcome. The chapter on ion chromatography should please many 
readers, and remind them that there ir a choice of columns for difficult combinations of anions, as in sea-water or acid 
extracts. Other chapters balance the picture by covering Quality assurance programmes, Injection and switching, and HPLC 
as a clean-up technique, but basic theory and instrumentation are not discussed. I was surprised to find so little attention 
given to HPLC/MS considering that this combination is now commercially available. However, what is covered is done 
in a readable text with many references from the literature up to 1981, and frequent inclusion of experimental details: 
recommended. 

IAIN L. MARR 

Reversed Phase High-Performance Liquid Chromatography: ANTE M. Kasrt~~ovrC and PHYLLIS R. BROWN. Wiley, New 
York, 1982. Pages xi + 296. $27.00. 

The choice of title for this book-and therefore the bias of the subject matter-strikes me as slightly odd. But then, just 
as Moliere’s character was surprised to find he had been speaking prose all his life, we may need to be reminded that most 
HPLC users are actually using RPLC. Would it not have been better to include an additional section on columns and 
another on applications of normal HPLC to complete the picture? But let us look at what is included. I find this a very 
lucid account of HPLC-a combination of theoretical and practical aspects with much useful information for the newcomer 
intending to set up for HPLC. On the other hand I wonder why the tabular comparison of detection systems covers only 
polarographic, conductimetric and fluorimetric devices, so that they are not so easily seen in relation to the very widely 
used UV and RI systems. And should not there be some mention of element-selective detection by, e.g., plasma 
spectroscopy, and of diode-array “instant-scan” spectrometers which are now available from several manufacturers? 
Attention is, however, given to columns, solvents, and the difficulties of characterizing unknown peaks, and a final chapter 
summarizes a wide range of biochemical applications of RPLC, serving to illustrate the scope and power of the technique. 
There is much to commend in this book: possibly the omissions are compensated by the smooth continuity of the text 
resulting from close co-operation between the authors, which has resulted in a readable and useful book. 

IAIN L. MARR 

Salvation, Ionic and Complex Formation Reactions in Non-Aqueous Solvents K. BURGER, Elsevier, Amsterdam, 1983. Pages 
286. DFR 145; $61.75 

This rather specialized monograph is concerned with properties of solvents and with the various interactions of solvents 
with various kinds of solutes. Thus, solvent-solute interactions, donor-acceptor interactions, effects of solvents on metal 
complexes in solution, effects of solvents on kinetics and mechanism of co-ordination reactions, and interactions in solvent 
mixtures are some of the topics included. A survey of the various theories of such systems is given, but the main emphasis 
of the book is on experimental methods for study of complex systems and for the characterization of solvents. (Sixteen 
possible techniques for study of complex systems are discussed.) There is an extensive wide-ranging bibliography. 

MARY M~sso~ 

The Practice of Ion Chromatography: F. C. SMITH, JR. and R. C. CHANG, Wiley, New York, 1983. Pages xxiv + 218. E43.95. 

This is an outstanding “how-to-do-it” book, written by two very experienced workers in the field. It traces the history of 
Ion Chromatography from the original Dow patents in 1975, which led to the exploitation by Dionex of suppressor IC, 
and also the later development of non-suppressor systems. The merits of suppressor and non-suppressor IC are discussed 
without bias, and the various sorts of instrumention that can be used are described. The rest of the book deals with practical 
IC, giving first of all standard conditions for the various variants of the technique, then offering suggestions as to the 
procedure for finding conditions for some particular problem. There is a useful discussion of chromatogram anomalies, 
such as the so-called “water dip”. The chapter on applications gives some idea of very wide range of applications of 1C 
that have been developed, and should be of considerable use to the potential IC user (331 references are included). 

MARY MASSON 

Wilson and Wilson’s Compreknsive Analytical Chemistry, Vol. XV: G. S~EHLA (ed.). Methods of Organic Analysis: 
L. MAZOR, Elsevier, Amsterdam, 1983. Pages xxii + 529. DFI 325, S138.25. 

As befits a title in “Wilson and Wilson”, this book might well have been entitled “Comprehensive Organic Analysis”, 
because of the wide scope of the contents. The main chapters cover the topics “Preliminary Tests”, “Qualitative Elemental 
Analysis”, “Determination of Physical Constants”, “Qualitative Functional Group Analysis”, “Micro Reactions for the 
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Detection of Certain Important Organic Compounds”, “Instrumental Methods in Organic Chemical Analysis”, “Quan- 
titative Elemental Analysis”, “Quantitative Functional Group Analysis”, and finally “Automatiac Analysis”. The chapter 
on “Instrumental Methods” is short and gives only a general introduction to the use of these methods. Thus, most of the 
book is devoted to review, discussion, and detailed descriptions of chemical methods of qualitative and quantitative analysis. 
Is is difficult to say much more about a book so packed-full of useful information, except perhaps to recommend that a 
copy should be available for use in every organic analytical laboratory. The one disappointing feature is that the only 
reference I could find after 1976 was a 1979 one to the author’s own work. 

MARY R. MASON 
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Computer Applications in Chemistry: S. R. HELLER and R. POTENZONE, JR., (eds.), Analytical Chemistry Symposia Series, 
Vol. 15, Elsevier, Amsterdam, 1983. Pages xii + 394. USS89.25. Dfl.210. 

It is very difficult to give a general review of a book like this, covering as it does such a wide range of topics as 
Macromolecular Structure Representation, Computer Networks, Computerized Standard Reference Data, Chemical 
Information Systems, Structure Elucidation, and Computer-Aided Drug Design. The seventeen full papers included were 
presented at the 6th International Conference on Computers in Chemical Research and Education (ICCCRE), held in 
Washington, DC, July 1982. Also included are the abstracts of 63 poster papers, and a list of those attending the meeting. 
The most novel paper included is the one on “The Chemistry in Future Molecular Computers”, by F. L. Carter, and this 
paper is also the one that contains the most “meat”. Many of the other papers are very general in content. I was impressed, 
however, by the introductory paper, on “The Neglected Ingredient in Chemical Computer Systems”. In this the author, 
E. Hyde, discusses the problems met by non-chemists seeking chemical information from chemical computer databases. 
He suggests that chemists use a sign language and unpronounceable words to maintain a mystique that non-chemists cannot 
penetrate. He criticizes the Chemical Absfracfs computer files, in that they arc convenient for the indexer but not for the 
user, be he a chemist or non-chemist, who is interested in relationships between compounds. He points out the futility of 
the CA Registry Numbers, but then goes on to suggest how improvements might be made. I cannot recommend this volume 
for purchase by individuals (other than conference participants), but it probably does deserve a place in most chemical 
libraries. 

MARY MAS~~N 

Environmental Chemical Analysis: L. L. MARR and M. S. CRESSER, International Textbook Company, Glasgow, 1983. pp. 
xii + 258. E21.00. 

This book is an effort to compile and present the complex of knowledge on a variety of analytical methods in such a 
form that it will be useful to students, teachers, analysts and even experts in other fields. It demonstrates a new approach 
to teaching analytical chemistry and shows how chemical analysis can yield reliable data which are valuable to other 
scientists. The authors underline the difficulties facing the analyst who deals with environmental chemical analysis and show 
how he chooses methods and techniques appropriate to the situation. They gave some insight not just into the working 
tools of the environmental analyst, but also into the types of problems he may be called upon to help in solving. The authors 
have also tried to indicate why a certain line of approach or choice of methods may be needed for attacking the problem 
in hand. 

The methods developed and the results obtained by analytical chemists are used by many other scientists. This book 
will give them some background knowledge and appreciation of the subject to avoid possible pitfalls or errors. It will help 
all readers, both practitioners and customers, to get most out of their analysis by taking time to think, to check and then 
to analyse. 

A. KHAL~NIN 

Practical Absorption Spectrometry: A. KNOWLES and C. BURG= (eds.), Chapman and Hall, London, 1984. Pp. xxii + 234. 
E18.00. 

The Ultraviolet Spectrometry Group have produced another invaluable volume in their series on Techniques in Visible and 
Ultraviolet Spectrometry. The book is both a guide to the practice of absorption spectrometry, and a succinct account of 
the relevant theory. Much of the information provided is not found in standard texts nor in the manufacturers’ handbooks, 
yet it is vital for the user, in order that instruments can be used correctly and to their best advantage. A copy of this book 
should be in every laboratory that uses absorption spectrometers. 

MARY MAS~~N 

Electrochemistry: Principles, Methods and Applications: ALLEN J. BARD, LARRY R. FAULKNER; R. ROSSET and D. BAUER 
(eds.), Masson, Paris, 1983. pp. XXX + 791. FFr. 350. 

At the present time the importance of electrochemistry in solving various scientific problems and for characteristic 
chemical systems in research areas is rapidly increasing. The present book, now in French translation, will prove to be 
very useful for modem education m the field of electroanalytical chemistry. There is a full systematic treatment of both 
the fundamental theory of electrochemistry and the basic aspects and techniques of up-to-date electroanalytical methods, 
complete with mathematical interpretations and equations. 

The book contains 14 chapters and 3 appendixes. Chapters 14 cover the general thermodynamic and kinetic properties 
of electrode processes. The main attention is focused on the theoretical grounds of electrochemistry, which are useful for 
mastering various electrochemical methods, in particular the problems of mass transfer at the electrode-electrolyte interfaces 
and the kinetics of electrochemical reactions at electrode surfaces. 
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Chapters 610 deal with the theory of modern electrochemical methods, including micro- and macro-electrolyses, 
hydrodynamic and impedance methods, methods with voltage- and current-control etc. 

Chapters 11 and 12 give details of electrochemical reactions coupled with chemical reactions in a homogeneous phase. 
It gives the treatment of the double electrical layer structure and adsorption processes on the electrodes. 

Chapters 13 and 14 describe in detail various electrochemical techniques developed or widely used during recent years. 
Unlike other books on electroanalytical chemistry it devotes special attention to the interpretation of all electrochemical 

processes with the help of exact mathematical descriptions. Complete references and also special exercises and chemical 
tasks are given for each chapter, helping successful assimilation of the contents. 

This book is highly recommended to students and teachers at universities and institutes. It contains much useful 
information and should be of interest to all chemists who use electroanalytical methods in research and would like to explore 
the practical possibilities of electrochemistry. 

L. K. SHPIGUN 
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Treatise on Analytical Chemistry, 2nd Ed., Part I, Vols. 3, 10, 12: I. M. KOLTHOFF and PHILIP L. ELVING (editors), 
Wiley/Interscience, New York, 19831984. Volume 3: pp. xxi + 592; f66.50. Volume 10: pp. xxvii + 533; E61.75. Volume 
12: pp. xxvii + 603; f71.25. 

These three volumes continue the second edition of “Kolthoff and Elving”, and maintain the standards now expected 
of the series as a matter of course. There are certain surprises, however. For instance, the reader of Volume 3 may wonder 
whether some of the authors had read Volume 2, since they discuss certain aspects of solution of equilibria without 
cross-reference to Hiigfeldt’s chapter there, on graphical representation of equilibria, and do not seem to have heard of 
Ringbom’s classic work on complexation effects and use of conditional constants etc., or at any rate do not choose to 
mention it. Nevertheless, the volume contains authoritative and useful accounts of redox equilibria, the application of 
surface chemistry in analysis, precipitation methods, solubility (although some comment on the effect of pressure on the 
solubility of solids in liquids would have been a welcome addition), and the role of reactive groups in reagents. 

Volume 10 (with Dr. M. M. Bursey as associate editor) covers proton and carbon-13 nuclear magnetic resonance, electron 
spin resonance and nuclear quadrupole resonance and their applications, Mijssbauer spectroscopy and secondary ion mass 
spectrometry (SIMS). Volume 12 (with C. B. Murphy as associate editor) deals with some thermal techniques used in 
analysis, ranging from temperature measurement, constant-temperature baths, calorimetry, thermochemistry, and thermal 
analytical methods, to evolved gas analysis, measurement of thermal expansion, electrothermal analysis (based on the effect 
of temperature on conductivity) and thermoacoustic methods (based on the effect of temperature changes on sound waves 
transmitted by the sample). 

As with the other volumes in the second edition, it at once becomes evident that the last two decades have seen an 
extraordinarily rapid and fruitful development of physical and instrumental methods of analysis, many of which owe their 
existence as routine methods to the introduction of reliable and sensitive transducers systems. As Professor Pimentel 
observed at the 1984 Pittsburgh Conference, we now have the tools available for exploring systems that were hitherto 
completely inaccessible to experimentation, and the resulting greater understanding of the fundamental processes of physics 
and chemistry should allow us to make greater progress in industry and technology. Such progress is urgently needed in 
view of the ever more rapid depletion of natural resources by that most rapacious of animals-man. 

These volumes, together with the others in the series, will undoubtedly play an important role in these future researches. 
R. A. CHALMERS 

Aquametry, 2nd Ed., Part II: DONALD MILTON SMITH and JOHN MITCHELL, JR., Wiley/Interscience, New York, 1984. Pages 
xii + 1352. $165.00 

The long-awaited final volume of this monumental treatise on the determination of water has at last appeared, though 
unhappily after the death of one of its authors (to whom it is dedicated). This volume alone is more than twice the size 
of the first edition of the whole work, which shows the great strides made in advancement of the subject. It deals with 
the measurement of water by means of capacitance determination (259 pages), conductivity measurements (255 pages), 
coulometry (601 pages) and micrcoulometry (218 pages). The book is full of practical hints and tips, critical and informed 
comment on the extraordinarily widespread and varied literature, and is written in a most lucid and and refreshing style. 
It should be made required reading for all authors of papers submitted to the scientific joumalsthey could learn so much 
from it about conciseness achieved without loss of information. Together with Parts I and III it is an essential part of any 
chemical library worthy of the name, and well worth the price. 

R. A. CHALMERS 

Mass Spectrometry Advances 1982, Parts A,B and C,D in two volumes: E. R. SCHMIDT, K. VARMUZA and I. FOCY (editors) 
Elsevier, Amsterdam, 1983. Part A XL1 + 379, Part B XVII + 544, Part C XVII + 544, Part D XVI + 461; $361.75. 

This is a record of the 9th Triennial International Mass Spectrometry Conference held in Vienna 30 August-3 September 
1982. The great values of such published accounts of scientific conferences is that they provide an accurate picture of the 
state of the discipline under review at the time of the meeting. At the most elementary level, the size of the conference is 
a reasonable indication of the well-being of the scientific enterprise. By this criterion the technique of mass spectrometry 
is still expanding and attracting interest, the accounts of its three-yearly conferences having grown from the modest books 
of the fifties to the substantial two-volume work reviewed here. 

All the familiar aspects of the subject are covered in a series of plenary lectures collected together in Part A. The analytical 
possibilities of the technique, both qualitative and quantitative, and its use in the determination of molecular structure are 
included, together with the applications to environmental and geological studies. Other aspects under discussion range from 
isotopic analysis to data processing. Part B deals with instrumentation and reveals the success which has been achieved 
in devising methods of ionizing large molecules and of recording their mass spectra. Another preoccupation has been with 
the coupling of mass spectrometry with chromatographic techniques such as HPLC to provide ever more versatile and 
sensitive analytical systems. Advances in the construction of “tandem” mass spectrometers and triple quadrupoles and their 
application to specific problems are also discussed. Theoretical aspects of ionization and dissociation are given some 
attention and there are a large number of papers concerned with the newer methods of producing both positive and negative 
ions from a wide variety of samples. In particular, the analytical potentialities of fast-atom bombardment ion sources, laser 
desorption, pyrolysis and secondary-ion mass spectrometry are well illustrated in many contributions. Some authors have 
devoted their attention to the physical chemistry of ion fragmentation and kinetic energy release and to the interactions 
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of ions and molecules. In contrast to previous meetings, the interest in the analysis of solid samples by spark-source mass 
spectrometry has waned and there are comparatively few papers describing specific investigations. 

The subject of the mechanism of the fragmentation of positive ions which has proved so fascinating to organic chemists 
is represented in Section C by the largest number of papers and in addition there are many contributions detailing the 
processing of such information by computers. 

Part D is exclusively confined to applications of the technique and it is an indication of the ever widening uses of mass 
spectrometry that this part contains no less than 100 papers covering the fields of gas analysis, biochemical problems, 
environmental studies, geological specimens and nuclear chemistry. This is an excellent production and is recommended 
to the libraries of all scientific institutes, particularly those where analysis by physical methods is a prime concern. 

J. R. MAJER 

The Analysis of Gases by Chromatography: C. J. COWPER and A. J. DEROSE. Pergamon Press, Oxford, 1983. Pages xii + 147. 
E14.00 

From time to time a book comes along which is so much needed that it tinds a space empty on the reader’s bookshelf 
waiting for it. This is such a book, though to be fair, the space has not been totally vacant since Jeffery and Kipping’s 
monograph has been the gas analyst’s pocket chromatography book for many years and will remain alongside this 
newcomer. The marvel is that two people who have spent so much time doing gas analyses have found the time to write 
about their subject, because only experienced practitioners can make the contribution which Cowper and DeRose are 
offering us. 

The gas analyst is accustomed to solving each new problem from scratch: how to sample, how to match the plumbing, 
how to condition the column (after deciding which stationary phase), how to prepare the reference standards how to 
quantify the results. This volume combines all this blended with recent applications from the literature and spiced with 
those invaluable tips which are learned only by long experience. The gas analyst is of course also accustomed to using other 
than chromatographic techniques, and this book frequently points out that gas chromatography may not be the best 
approach for some particular problems. 

I must confess to having been surprised by the statement that “measurement of a major component by difference is 
considerably more precise and usually more accurate (than direct measurement)” since I have been accustomed to quoting 
a value by difference only when the customer likes the results to add up to exactly 100°/O. Perhaps the authors might have 
stressed that the difference method works when it is known what all the impurities are likely to be. But this is after all 
a small quibble and the authors have the results to prove their point. 

Do you know what might give rise to a small peak between nitrogen and methane for a sample of contaminated air run 
on a SA molecular sieve column? The cost of this book will be a cheap price to pay for at least one colleague of mine 
who has this problem, and for anyone concerned with gas analysis the purchase of this book must get high priority. 

IAIN L. MARR 

Sample Preparation for Gas Chromatographic Analysis: W. G. JENNINGS and A. RAPP, Hiithig Verlag, Heidelberg, 1983. 
Pages 104. DM 46.00. 

This small monograph sets out to describe sample preparation for gas chromatography, but in only 90 pages or so, it 
can hardly be expected to cover such a wide subject completely. What it does do, and that very well, is to give a lucid 
and useful account of direct injection procedures, and some isolation and concentration techniques. The chapter on direct 
injection I found very good, covering split, splitless, on-column and various headspace techniques. The isolation and 
concentration chapter I found less satisfactory, largely because the authors give very little practical detail of the more novel 
and hence interesting techniques. The final short chapter on specific application I felt did not match the standard of the 
rest of this small book, and is extremely sketchy in its treatment. For me, the most useful 7 pages in the 22 of this section 
was the reproduction of the NIOSH/OSHA air sampling standards. The book is well produced and bound, and is pleasant 
to handle and to read. It is marred by a few proof-reading errors; I noted one point where ~1 is used where ng is meant 
and another where an equation as written would be acceptable as a statement in BASIC but is a nonsense as a statement 
in simple mathematics. There is a consistent misuse of “analyte” to mean the solution being analysed, and a description 
of detection limits as lower when poorer is meant, but these are minor flaws in an otherwise nice little book. 

R. C. RLXNEY 
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Ion-Selective Electrode Reviews, Volume 3: J. D. R. Thomas (editor), Pergamon Press, Oxford, 1982. 257 pages. $62.00 

Volume 3 continues this now well-established series of reviews on ion-selective electrodes, edited by one of the most prolific 
authors in the field. The volume under scrutiny contains five chapters, a compilation of recent literature, a couple of book 
reviews by the editor, and indexes. The five chapters are primarily concerned with analytical applications of electrodes and 
will be most appreciated by professional analysts responsible for developing and improving the use of electrodes in their 
own special areas. 

In the first chapter Birch and Cockcroft open with some general comments on surfactant analysis with a view to 
introducing immobilized liquid membranes, mostly supported in inactive poly(viny1 chloride), containing a surfactant 
complex as sensor. Details are given for the preparation of several types and the effects of different constituents are 
described. Dip, flow and coated-wire electrodes are dealt with. The discussion principally concerns their use as titration 
end-point indicators and it is clearly proved that the results obtained are the same as those given by the conventional 
two-phase dye-indicator method. Finally, a number of practical cases are dealt with in which surfactants at high and at 
trace concentrations have to be determined. The reviewer is not aware of any more complete or recent review of this topic. 

The second and fifth chapters are closely related. Midgley deals with the detection limits of ion-selective electrodes and 
Moody and Thomas consider ways of extending the linear range. Both chapters make it evident that there is no substitute 
for painstaking care in seeking ideal responses from electrodes. Midgley includes a scholarly account of the definition and 
determination of the lower detection limit. He gives a theoretical analysis of the factors that affect the limit and this shows 
how to work reliably close to the limit and how to improve matters in the future. Moody and Thomas describe in a practical 
way what can be done to extend the linear range of the main types of electrodes currently in use. Both chapters contain 
a great deal of information on how to get the best out of particular electrodes and so will be welcomed by users. 

A chapter on the use of inorganic ion-exchangers in electrodes, by Coetzee, shows that, despite a good deal of hard work, 
rather few have been found useful. These are mostly heterogeneous membrane electrodes in which the inorganic 
ion-exchanger is embedded in a polymeric binder. Their main value is as end-point indicators in titrations. 

Kakabadse has reviewed his own work and that of others on ion-selective electrodes used in non-aqueous and mixed 
aqueous and non-aqueous solvents. It appears that, given some precautions, inorganic and glass electrodes will function 
well in such solvents although liquid and polymeric membrane electrodes usually will not. There are, however, many 
incompletely understood changes in the response characteristics with changes of solvent composition, and these limit the 
range of uses in non-aqueous media. This is a long chapter with 242 references and covers many individual electrodes as 
well as discussing wider issues. 

Finally, Moody and Thomas have listed systematically 40 pages of new titles in the literature on ion-selective electrodes 
but this must surely overlap with similar compilations in Anal. Chem. 

This is not really a book for reading but it is a necessary addition to the analyst’s library. 
P. MEARES 

Analytical Techniques for Heavy Metals in Biological Fluids: S. FACCHETTI (editor), Elsevier, for the Commission of the 
European Communities, Amsterdam, 1983. 

Analytical Techniques for Heavy Metals in Biological Fluids contains a series of lectures given during a source held at the 
Ispra Establishment of the Joint Research Centre of the European Communities in June 1981, and updated in 1982. It is 
a most useful textbook both for people involved in research on the biomedical aspects of toxic (and/or essential) substances, 
especially the heavy metals, and for those concerned with the preservation of human health in industrial areas, where 
exposure of workers to toxic metals poses a real threat to their physical and mental well-being. 

This volume gives an instructive introduction to the epidemiological, biological and medical aspects of human exposure 
to heavy metals, while also summarizing the analytical chemistry that underlies the results by means of which these are 
studied. It can be divided into two main sections, dealing with the biomedical and the analytical aspects of the subject, 
respectively. The first five chapters cover the biomedical aspects. A review of the objectives of and requirements for 
biological monitoring, as well as of the currently available monitoring possibilities, is incorporated in the description of 
WHO and CEC projects on biological monitoring in environmental and occupational health. Although the main focus 
is on biomedical features, attention is also paid to preanalytical quality assurance (sampling conditions. sampling materials, 
quality control, sample composition, spiking procedures, storage and transport guidelines), statistical analyses and 
laboratory performance. The most illustrative examples of biological indicators of metals in occupational health are 
presented in Chapter 3. Alessio and Bertelli elucidatively review a number of important concepts in the field of biological 
monitoring. Lead, cadmium and arsenic serve as examples to illustrate the indicators of internal dose (dose, exposure, 
accumulation) and of effect (indicators of critical effect, dose-effect relationship). The periodic surveillance of workers who 
are exposed to a noxious agent requires the use of biological indicators in the field. The pros and cons of screening tests 
are discussed. 

The rationale for biological monitoring as based on the identification and quantification of toxic agents and the 
prevention of their impact on man requires the availability of accurate and precise analytical techniques, and knowledge 
of the pharmacokinetic and metabolic behaviour of the toxic agents, as illustrated by lead (Chapter 4) and arsenic (Chapter 
5). 

Two-thirds of the book deal with analytical aspects of biological monitoring of heavy metals. An excellent, comprehensive 
and critical update of mineralization procedures that can be used in the pretreatment of biological samples for biological 
monitoring, is given by Sansoni and Panday. It may be rather detailed for the biomedical profession, but to the analyst 
in charge of the quantification of metals and their metabolites, in general, it undoubtedly represents one of the most useful, 
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practical, complete and guiding parts of the book. It links the first part of the book to the second in a logical way. Analytical 
methods suitable for determinations on biological materials are selected on the basis of a number of criteria such as 
accuracy, precision, sensitivity, single or multielement analysis, cost, etc. Requirements for these will differ according to 
the specific purpose of a trace element analysis, as illustrated in Chapter 6 by lead, cadmium and nickel analysis. 
Spectrochemical techniques are used in the majority of cases in analytical practice. A very general introduction on 
spectrochemical techniques, their indicators of analytical performance (limit of detection, noise, analytical range) and the 
newer methodologies such as Zeeman correction, wavelength modulation and inductively coupled emission spectrosopy 
precedes a detailed evaluation of atomic absorption and emission spectrometric techniques for heavy-metal determinations. 
Voltammetry techniques, however, have a number of advantages over the latter. The best known example may well be the 
determination of lead in blood by inverse voltammetry or anodic stripping voltammetry (Chapter 11). Mass spectrometric 
isotope dilution analysis is dealt with in the Ispra course as a technique capable of determining absolute quantities of heavy 
metals. 

The combination of a review on the state-of-the-art of sample pretreatment procedures with accounts of the fundamental 
aspects of different analytical techniques uncoveres the potentialities of specific methods that are currently available to both 
physician and analyst, and that are capable of guaranteeing the technical reliability, accuracy and precision that render 
biological monitoring of metals sensible. A number of errors leading to bias need to be excluded or accounted for. This 
necessitates a regular assessment of quality-control performance. In the last chapter of the book, the methods by which 
the latter is established are introduced to the reader. 

MARLEEN VERLINDEN 
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NOTICE 

FLOW ANALYSIS III-AN INTERNATIONAL CONFERENCE ON 
FLOW ANALYSIS 

Birmingham, Great Britain, 5-8 September, 1985 

The Third International Conference on Flow Analysis will be held in Birmingham, Great Britain, from 5 to 8 September, 
1985. It will be organized by the Midlands Region of the Analytical Division of the Royal Society of Chemistry. The scope 
of the Conference will be similar to that of the Flow Analysis Conferences held in Amsterdam, 1979, and Lund, 1982, and 
will cover research on all aspects of continuous flow analysis. The scientific programme will consist of plenary and invited 
lectures, submitted research papers and posters, and working demonstrations. An exhibition of commercial equipment will 
be organized. As with the earlier conferences, proceedings will be published in a special issue of Analytica Chimica Acta. 

The Conference will be held in the Department of Chemistry, University of Birmingham; accommodation will be available 
in the University Halls of Residence. _ 

For further information, contact: Flow Analysis III, Dr. A. M. G. Macdonald, Department of Chemistry, The University, 
P.O. Box 363, Birmingham B15 2TT, England. 
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NOTICE 

INTERNATIONAL SYMPOSIUM ON QUANTITATIVE LUMINESCENCE 
SPECTROMETRY IN BIOMEDICAL SCIENCES 

An international symposium on quantitative luminescence spectrometry in biomedical sciences, sponsored by 
the Faculty of Pharmaceutical Sciences of the State University of Ghent, the National Foundation of Scientific 
Research (N.F.W.O.-F.N.R.S.), and the Ministry of Education, will be held in Ghent, Belgium, 3-6 
September 1984, at the Farmaceutisch Instituut. 

Contributed papers (20-minute lectures or poster communications) will cover the following topics: drug and 
bioanalysis by fluorescence and phosphorescence (LTP, RTP, micellar); fluorescence and chemiluminescence 
immunoassays; detection techniques in chromatography (fluorescence, RTPL, . . .); solid surface luminescence 
methods; chemical derivatization methods; luminescence applications and drug metabolism, clinical chemistry, 
biochemistry, pharmacokinetics, toxicology, ecology, protein tagging. The Conference will be conducted in 
English and no simultaneous translation will be provided. Facilities for technical exhibitions will be arranged. 

Five plenary lectures will be presented by outstanding specialists in the field of quantitative luminescence 
spectrometry: R. P. Ekins (fluoroimmunoassays, Institute of Nuclear Medicine, The Middlesex Hospital 
Medical School, London, U.K.); R. W. Frei (detection techniques, Vrije Universiteit Amsterdam, The 
Netherlands); G. G. Guilbault (fluorescence techniques, University of New Orleans, Louisiana, U.S.A.); J. 
N. Miller (solid surface methods, University of Technology, Loughborough, U.K.); J. S. Woodhead 
(chemiluminescence immunoassays, University of Wales, Cardiff, U.K.). 

Before and after the Symposium all correspondence should be sent to: Dr. W. Baeyens, Symposium 
Chairman, Laboratoria voor Farmaceutische Chemie en voor Ontleding van Geneesmiddelen, Ri- 
jksuniversiteit Gent, Harelbekestraat 72, B-9000-Gent, Belgium, from whom full details can be obtained. 
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FOREWORD 

This “Paper Symposium” deals with selected analytical aspects of modem day clinical chemistry. Clinical 
chemistry is concerned with the analysis of biological specimens as an aid to the detection, diagnosis and 
management of disease. The precision and accuracy of analytical results is of vital importance and 
considerable attention is paid to quality control of analytical procedures (p. 851) and also to detecting possible 
inteferences, e.g., by drugs (p. 937). Many different analytical methods have been utilized by the clinical 
chemist, and these include flow-injection analysis (p. 879), turbidimetry (p. 923), methods based on reagent 
strips (p. 863) and immunoassays employing labelled reagents. This last method, because of its great 
sensitivity, has assumed particular importance, and a range of labels have been used, e.g., radioisotopes 
(p. 917) enzymes (p. 889) fluorophores (p. 909), and chemiluminescent molecules (p. 901). In the quest for 
new tests with improved sensitivity and specificity, clinical chemists have investigated many analytical 
methods. The penultimate paper in this symposium reviews a new development, the application of tandem 
mass spectrometry to clinical analysis. 

L. J. KRICKA 

V 
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NOTICE 

FACSS 11 
ELEVENTH ANNUAL MEETING 

FEDERATION OF ANALYTICAL CHEMISTRY 
AND SPECTROSCOPY SOCIETIES 

SEPTEMBER 16-21, 1984 

PHILADELPHIA MARRIOTT HOTEL 
CITY LINE AVENUE AND MONUMENT ROAD 

PHILADELPHIA, U.S.A 

The Eleventh Annual FACSS meeting will once again be held in Philadelphia-this year at the Philadelphia 
Marriott Hotel. The Philadelphia Marriott Hotel is conveniently located on City Line Avenue at the edge 
of Philadelphia’s Main Line. There is direct public limousine service from Philadelphia International Airport 
and express bus service from downtown Philadelphia. The Marriott has fine conference facilities with up to 
twelve meeting rooms, 705 accommodation rooms, seven restaurants and lounges, indoor/outdoor pools, 
platform tennis, and a games room. There is ample parking with no charge for any parking. The Marriott 
is within easy walking distance of the Bala Cynwyd Shopping Centre and several fine area restaurants. 

Information on the technical programme from: 

Dr. Patricia B. Roush 
Perkin-Elmer Corporation 
M/S-903 
901 Ethan Allen Highway 
Ridgefield, CT 06877 

General information from: 

Dr. D. Bruce Chase 
DuPont Experimental Station 
CRD E328 
Wilmington, DE 19898 
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NOTICES 

SYMPOSIUM ON ANALYTICAL METHODS IN FORENSIC 
CHEMISTRY AND TOXICOLOGY 

MIAMI, FLORIDA 
29 April-2 May 1985 

CALL FOR PAPERS 

This symposium is sponsored by the American Chemical Society Division of Analytical Chemistry and will 
be held in conjunction with the 189th ACS National Meeting in Miami, Florida (28 April-3 May 1985). The 
scientific programme will comprise invited lectures and contributed papers dealing with the state-of-the-art 
of analytical methodology in forensic chemistry and toxicology. Topics such as the following will be covered: 
novel optical and spectroscopic methods, analytical separation and chromatographic methods; electro- 
analytical methods; biological and immunological methods; automated systems; computer-aided methods; 
luminescence methods; electrophoresis; drug analysis; explosives analysis; gunshot residue, arson and 
bloodstain investigations; trace-evidence detection; other recent advances in forensic analytical chemistry and 
analytical toxicology. 

You are invited to submit abstracts for presentation. Papers submitted for consideration may be reviews 
or original research papers. Abstracts (150 words on ACS standard abstract forms) should be sent to 
Dr. M. H. Ho, Department of Chemistry, University of Alabama in Birmingham, Birmingham, Alabama 
35294, phone 205-934-4747, by November 30, 1985. Publication of the proceedings as a hard-cover book in 
the ACS Symposium Series is planned. 

ISM-10 
10th INTERNATIONAL SYMPOSIUM ON MICROCHEMICAL 

TECHNIQUES 

ANTWERP, BELGIUM 
25-29 August 1986 

This Symposium is the next in the series of triennial conferences, the last three of which were held in 
Amsterdam (1983), Graz (1980) and Davos (1977). As with the preceding Symposia, ISM-10 will cover both 
pure and applied micro- and trace-analysis. Special attention will be paid to the application of modern 
techniques such as microbeam analysis methods. A special workshop on laser microprobe mass analysis is 
planned, and a special session in co-operation with the Association of Official Analytical Chemists will deal 
with trace-analysis of food. The Symposium language will be English, and no simultaneous translation will 
be provided. Contributions for presentation in either oral or poster sessions are invited. A second 
announcement will appear early in 1985, and can be obtained by writing to 

Dr. R. Dewolfs, 
University of Antwerp (UIA), 
Department of Chemistry, 
Universiteitsplein 1, 
B-2610 Wilrijk, 
Belgium. 



vi NOTICFS 

CHROMATOGRAPHIC COURSE AT KENT STATE 
UNIVERSITY 

KENT, OHIO 44242, U.S.A. 
3-7 December 1984 

The course, entitled “Fundamentals of Chromatographic Analysis”, is co-sponsored by the KSU Chemistry 
Department, IBM Instruments and the University Conference Bureau. It will provide a coherent overview 
of chemical separations by chromatographic methods, and will be directed towards beginning and inter- 
mediate chromatographers, with material on gas, liquid and thin-layer methods. The course will treat the three 
techniques as complementary rather than competing processes, and will be a blend of fundamental 
information on theory and instrumentation, with applications. In addition to lecture sessions, accompanying 
laboratory sessions will provide intensive “hands-on” training in the various techniques discussed. 

The lecturers will be Dr. Roger K. Gilpin (Kent State University), Dr. Neil D. Danielson (Miami 
University) and Mr. Ronald L. Lewis of IBM Instruments. 

Information and registration through Carl J. Knauss, Chromatographic Course Coordinator, Chemistry 
Department, Kent State University, Kent, Ohio 44242, U.S.A. (telephone 216/672-2327). 
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NOTICES 

THIRD INTERNATIONAL CONGRESS ON 
ANALYTICAL TECHNIQUES IN ENVIRONMENTAL CHEMISTRY 

21-23 November 1984 

This International Congress, to be held in conjunction with the 14th Annual Symposium on the Analytical 
Chemistry of Pollutants, will take place at the Congress Centre, Barcelona, Spain, 21-23 November 1984. 
The Congress will be devoted to invited plenary lectures, invited and submitted research lectures, and poster 
presentations, covering the whole field of environmental analytical chemistry. 

Further details, together with registration form and preliminary programme, may be obtained from: Dr. 
J. Albaiges, Expoquimia, Avenida Reina Ma, Cristina, Barcelona 4, Spain. 

First International World Congress 

NEW COMPOUNDS IN BIOLOGICAL AND CHEMICAL WARFARE: 
TOXICOLOGICAL EVALUATION 

21-23 May 1984 

State University of Ghent-Belgium 
Department of Toxicology 

Chairman: Professor A. Heyndrickx 

Human and medical factors 

Scienti$c Programme 

New evidence; effects of chemicals, the methods of detection, mortality and morbidity rates, environmental 
problems, defensive needs, protection. 

Diagnosis, treatment, influence 

Methods of diagnosis, assignment to treatment modalities. 

Action Programme 

International legislation and rules, enforcement, sanctioning strategies, interaction between public information 
and enforcement. Evidence of chemical warfare in SE Asia and Afghanistan. 

All information can be obtained from: 

Professor A. Heyndrickx 
Head of the Department of Toxicology 
State University of Ghent 
Hospitaalstraat 13 
B-9000 Ghent 
Belgium 
(Telex: 11.558 A.Z. Gent-Toxicology) 



NOTICES 

THE EASTERN ANALYTICAL SYMPOSIUM 

NEW YORK PENTA HOTEL, NEW YORK CITY, 13-16 NOVEMBER 1984 

A limited number of oral and poster presentations on new developments in analytical chemistry wiil be 
accepted for the 1984 Eastern Analytical Symposium. These presentations will be grouped into several sessions 
to complement the Symposium’s invited technical sessions. Prospective authors should submit a SO-100 word 
abstract before the deadline, 1 April 1984, indicating preference for oral or poster format, to: Mr. Thomas 
Kometani, EAS Program Chairman, Be!1 Laboratories RMlA-378, 600 Mountain Avenue, Murray Hill, NJ 
07974, telephone (201) 582-6559. Care should be exercised in considering the title and authors of the proposed 
presentation; if the presentation is accepted, both title and authors will be considered final. Authors of 
accepted presentations will receive forms for submission of a 200-300 word abstract which will appear in the 
final programme. 

For details contact: 
Dr. S. David Klein 
EAS Publicity 
Merck & Co., Inc. 
P.O. Box 20OO/RSOL-106 
Rahway, NJ 07065, U.S.A. 
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ERRATA 

In the paper by A. C. Mehta, Talanta, 1984, 31, 1, the following corrections are needed: 
Page 3, right-hand column, paragraph 2, line 23, for “chlodiazepoxide” read “chlordiazepoxide” 
Page 5, Table 2, below “Fluazepam” in column 1, for “ty read “$$,’ 
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